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20  abstract  (Conr/nii«  on  fmvaram  aldo  II  nacatamry  mnd  Idontify  by  block  namhar) 

This  final  technical  report  for  Contract  F41609-73-C-001 7 , USAF  School  of 
Aerospace  Medicine,  summarizes  research  on  ocular  effects  of  laser  radiation 
conducted  by  the  Life  Sciences  Division  of  Technology  Incorporated  during  the 
period  15  February  1975  through  30  November  1976.  The  various  research  projects 
conducted  during  this  period  are  categorized  as:  Ocular  Effects  of  Visible  and 

Near-Infrared  Laser  Radiation  (Part  I);  Ocular  Effects  of  Ultraviolet  Laser 
Radiation  (Part  II);  and  Neurophysiology  and  Physiological  Optics  (Part  III). 
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Techniques  were  developed  (Chapter  1)  for  the  accurate  placement  of  laser- 
induced  lesions  of  specified  sizes  (175-1100  urn)  in  the  macular  area  of  the 
rhesus  retina.  Such  lesions  were  induced  in  the  retinae  of  trained  primates  so 
that  the  recovery  of  visual  acuity  following  laser  insult  could  be  monitored. 

The  experiments  indicated  apparent  recovery  of  visual  acuity  (Landolt  "C")  to 
the  20/20  level  within  75  to  110  days  for  subjects  exhibiting  retinal  lesions 
smaller  than  ■.200  urn  diameter.  For  lesion  sizes  between  250  and  750  utn, acuities 
of  20/40  and  20/50  were  measured  within  the  same  time  frame.  Only  those  subject^ 
with  lesions  greater  than  igOO  um  failed  to  show  acuities  of  20/100  or  better 
within  110  days.  Whether  these  results  are  indicative  of  true  recovery  of 
visual  acuity  or  due  to  a learned  response  which  compensates  for  the  central 
scotomas  remains  to  be  determined. 

The  theoretical  basis  for  certain  experimental  retinal  threshold  data 
indicative  of  photochemical  damage  mechanisms  is  examined  in  Chapter  2.  It  is 
shown  that  it  is  possible  to  explain  the  dependence  of  retinal  threshold  on 
interpulse  separation  for  fixed  configurations  of  identical  pulses  in  terms  of 
a sequence  of  consecutive,  irreversible  first-order  rate  processes.  Alternative  y 
the  experimental  data  can  also  be  explained  by  a model  based  upon  competing 
first-order  rate  processes  of  different  species.  In  either  case,  the  correlatior 
of  the  hypothesized  rate  processes  with  in  vivo  retinal  photochemical  processes 
has  yet  to  be  established. 

A series  of  in  vivo  retinal  probe  experiments  was  conducted  in  an  attempt 
to  validate  a thermal  model  of  laser  induced  retinal  injury.  Progress  in  the 
development  of  surgical  techniques  and  of  the  experimental  apparatus  required  to 
carry  out  thermal  and  optical  probe  experiments  is  presented  in  Chapter  3. 

An  attempt  to  elucidate  the  apparent  photochemical  nature  of  retinal 
damage  produced  by  repetitive  visible  pulses  and  short  visible  wavelengths  is 
described  in  Chapter  4.  The  effect  of  laser  radiation  on  retinal  lipids  was 
examined  under  conditions  thought  to  be  optimum  for  the  induction  of  retinal 
lesions  by  photochemical  processes  while  minimizing  the  possibility  of  involve- 
ment of  thermal  processes.  Preliminary  experiments  did  not  indicate  any  obvious 
effects  of  such  laser  irradiations  on  the  retinal  lipids. 

Chapter  5 describes  comparative  light  and  electron  microscopy  of  a series 
of  retinal  lesions  induced  by  mode-locked  visible  laser  pulses.  Tissue  pre- 
paration and  sectioning  techniques  developed  for  obtaining  alternate  thick  and 
thin  sections  for  light  and  electron  microscopy,  respectively  are  discussed. 

The  electron  microscopy  revealed  in  greater  detail  morphology  observed  at  the 
light  microscopy  level. 

Ocular  effects  of  ultraviolet  laser  radiation  are  discussed  in  Part  II  of 
this  report  (Chapters  6 through  10).  Following  a short  introduction  (Chapter  6) 
corneal  damage  induced  by  near-UV  laser  radiation  is  examined  in  detail  in 
Chapter  7.  Corneal  epithelial  damage  thresholds  in  the  rhesus  eye  are  reported 
for  exposures  to  krypton,  argon  and  nitrogen  laser  radiation.  The  results  for 
pulsewidths  ranging  from  250  usec  to  10'*  sec  are  consistent  with  a photochemical 
damage  mechanism.  Ocular  hazards  of  near-UV  lasers  are  discussed  in  terms  of 
existing  safety  standards  for  laser  radiation  (see  also  Chapters  9 and  10). 

Additional  experimental  evidence  regarding  the  photochemical  nature  of 
near-UV  induced  corneal  damage  is  discussed  in  Chapter  8 where  an  oxygen  depen- 
dence of  the  damage  threshold  is  reported.  A factor  of  two  increase  in  corneal 
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threshold  was  found  for  eyes  flushed  with  nitrogen  gas  prior  to  exposure  com- 
pared to  those  flushed  with  oxygen  under  similar  conditions.  The  observed 
oxygen  effect  and  the  magnitude  of  the  threshold  dose  required  to  induce  corneal 
lesions  are  consistent  with  observations  of  near-UV  effects  on  bacterial  cell 
cul tures . 

Yet  another  aspect  of  the  nature  of  near-UV  induced  corneal  damage  is 
presented  in  Chapter  9 where  determination  of  an  action  spectrum  for  the  near-UV 
wavelength  range  is  reported.  The  corneal  threshold  increases  monotonical ly 
with  wavelength  throughout  the  near-UV  range  but  exhibits  a pronounced  shoulder 
in  the  340-350  nm  region.  Again,  this  behavior  is  consistent  with  studies  of 
effects  of  near-UV  radiation  on  bacterial  cells.  However,  the  action  spectrum 
reported  in  Chapter  9 as  well  as  the  results  of  Chapters  7 and  8 are  unique  in 
that  they  examine  the  nature  of  near-UV  induced  photochemical  processes  in 
mammalian  cells  in  sj_t_u  as  opposed  to  most  earlier  studies  which  have  examined 
bacterial  cell  cultures  or,  in  a few  cases,  manrialian  cells  suspended  in  various 
buffer  media. 

Lenticular  effects  of  near-UV  laser  radiation  are  discussed  briefly  in 
Chapter  10.  Induction  of  lenticular  opacities  which  appear  to  represent  a 
permanent  form  of  damage  are  described  for  instances  where  the  lenticular 
threshol ds  are  lower  than  the  corneal  thresholds  for  identical  exposure  para- 
meters. The  lenticular  thresholds  appeared  to  be  consistent  with  a thermal 
damage  mechanism. 

Part  III  of  this  report  (Chapters  11  and  12)  discusses  the  development 
of  neurophysiological  and  physiological  optics  procedures  for  evaluating  the 
spatial  visual  system's  response  to  transient  changes  in  adaptation  resulting 
from  high  intensity  laser  radiation.  Chapter  11  describes  a preliminary  set 
of  experiments  designed  to  analyze  pattern  information  and  extract  response 
features  from  a variety  of  visual  system  perturbations.  Chapter  12  presents 
an  assessment  of  the  wavelength  dependence  of  focus  in  the  rhesus  eye.  A 
sensitive  method  for  in  viv£  evaluation  of  chromatic  images  was  devised  and 
used  to  obtain  data  for  the  rhesus  eye.  The  results  were  found  to  be  in  close 
agreement  with  data  obtained  under  similar  conditions  for  the  human  eye. 
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PART  I 

OCULAR  EFFECTS  OF  VISIBLE  AND  NEAR- INFRARED 
LASER  RADIATION 


CHAPTER  1 


LARGE  RETT N AL__  L 


A . INTRODUCTION 

This  study  was  a joint  effort  of  the  Laser  Effects  Branch  and 
Weapons  Effects  Branch  o'  the  USAF  School  of  Aerospace  Medicine.  The 
purpose  of  this  project  was  to  place  large  lesions  (150-1200  um  diamete>") 
in  the  retinae  of  trained  primates  (Macaca  mulatta;  in  order  to  make 
quantitative  measurements  of  visual  acuity  as  a function  of  lesion  size 
and  post-exposure  time. 

Previous  measurements^ ^ ^ of  long-term  recovery  of  visual  acuity  from 
the  immediate  effects  of  laser-induced  retinal  lesions  have  been  sparse 
and  the  results  ambiguous.  These  efforts  were  hampered  primarily  by  the 
difficulty  of  centering  the  laser  exposures  precisely  and  reproducibly  on 
the  fovea.  The  inability  of  a primate  to  recover  its  visual  acuity'  s even 
to  the  20/290  level,  six  months  after  receiving  a lesion  approximately 
900  urn  in  diameter  is  not  a surprising  result.  The  lesions  in  this  case 
had  been  induced  near  the  center  of  the  macula  and  almost  certainly  totally 
disrjp^ed  the  fovea  centralis,  which  in  the  rhesus  has  a diameter  of  -75  jm^'^ 

However,  a different  animal,  in  which  a '>-250  um  lesion  had  been 
induced,  showed  apparent  recovery  to  20/200  visual  acuity  within  eight 
days  after  exposure^^K  This  result,  if  real,  is  highly  significant. 
However,  other  exposures  made  during  this  earlier  study  had  clearly  not 
overlapped  the  fovea  completely  and,  hence,  further  experiments  were 
requi red. 

The  primary  task  was  to  place  lesions  in  the  retina  so  that  in  each 
.ase  the  damage  was  centered  on  the  fovea.  The  second  oroblem.  that  of 
predicting  final  lesion  dimensions,  arose  because  of  tne  apparent  trend 
of  recovery  of  visual  acuity  with  lesion  diameter.  Accordingly,  an 
experimental  regimen  was  developed  in  which  lesions  ranging  from  "ISO  ..m 
to  -1200  um  diameter  would  be  induced  in  primates  trained  to  respond  to 
Landolt  "C"  projections  ranging  from  20/20  to  20/200  on  the  visual  acuity 
sca''e. 

To  minimize  variations  in  exposure  parameters,  it  was  deemed  advisable 
to  maintain  a constant  retinal  irradiance  and  pulse  duration  for  all 
exposures,  regardless  of  retinal  image  diameter.  An  added  benefit  of  this 
requirement  was  that  the  lesion  development,  expressed  as  a ratio  of 
lesion  diameter  to  retinal  image  size,  appears  to  be  essentially  constant 
over  the  selected  range  of  lesion  sizes  (see  below). 
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B.  MODEL  CALCULATIONS 


The  theoretical  basis  of  laser-induced  thermal  damage  in  the  retina 
has  been  discussed  in  detail  elsewhere^ 3"®) . Briefly,  it  is  assumed  that 
a large  fraction  of  the  laser  radiation  focused  onto  the  retina  is  absorbed 
in  the  pigment  epithelium  (PE)  and  dissipated  as  heat.  When  the  local 
temperature  is  elevated  above  the  norm  for  sufficient  periods  of  time, 
irreversible  damage  occurs,  presumably  via  rate-dependent  injury  mechanisms 
such  as  enzyme  inactivation  and  protein  denaturation^ . At  supra-threshold 
exposures,  retinal  lesions  are  characterized  by  massive  disruption  of 
cellular  layers  as  well  as  edema  and  lysis^"^. 

For  laser  pulse  durations  in  the  range  of  100  usec  to  10  sec,  excellent 
agreement  is  found  between  theory  and  experiment^°’^^ , thereby  lending 
validity  to  tne  assumption  that  the  damage  mechanisms  are  primarily  thermal. 
Thus,  for  the  exposure  parameters  of  interest  in  this  project,  the  IITRI 
thermal  model can  be  considered  as  an  entirely  adequate  predictive  tool 
for  the  purpose  of  correlating  retinal  lesion  sizes  with  laser  beam  para- 
meters such  as  wavelength,  exposure  time,  beam-divergence  and  power  level. 

The  first  indication  that  lesion  development,  expressed  as  a ratio  of 
lesion  to  image  diameters,  can  be  predicted  from  retinal  energy  dose  appears 
in  the  data  obtained  in  an  earlier  study'^0)  on  large  retinal  lesions.  This 
work,  which  was  carried  out  using  the  647. 1 nm  1 ine  of  a krypton-ion  laser, 
had  been  completed  before  the  IITRI  model  was  fully  operational,  and,  hence, 
no  systematic  investigation  was  made  of  lesion  development  on  this  basis. 

However,  as  shown  in  Figure  1-1,  there  is  an  obvious  trend  of  lesion 
development  with  increasing  retinal  energy  dose;  a trend  which  appears  to 
be  reasonably  independent  of  retinal  image  diameter  or  laser  pulse  duration 
at  least  for  this  limited  range  of  relatively  long  pulses  (see  Table  1-1). 
The  asymptotic  behavior  at  high  retinal  energy  doses  can  be  understood  in 
terms  of  an  approach  to  thermal  equilibrium,  at  which  point  the  rate  of 
heat  input  is  equal  to  the  rate  of  heat  dissipation  and  no  further  damage 
occurs . 

Evidently,  this  trend  of  lesion  development  would  not  be  expected  to 
be  maintained  for  very  short  (<  10  psec)  or  very  long  (>  10  sec)  pulses. 

In  the  former  instance,  the  rate  of  heat  production  is  much  greater  than 
the  rate  of  heat  dissipation;  i.e.,  in  this  short-pulse  approximation, 
the  peak  retinal  temperature  increase  is  directly  proportional  to  the 
absorbed  energy.  However,  even  with  this  assumption,  lesion  development 
remains  a complicated  function  of  peak  temperature,  retinal  image  size, 
laser  beam  geometry,  and  change  of  state  (e.g.,  vaporization  of  water),  if 
any,  induced  by  the  exposures. 

For  very  long  pulses  (i  10  sec),  the  power  level  (retinal  irradiance) 
required  to  reach  thermal  equilibrium  will  depend  on  the  retinal  image 
size;  for  larger  image  diameters,  thermal  equilibrium  will  be  achieved  at 
lower  levels  of  retinal  irradiance.  Thus,  for  a given  retinal  energy  dose, 
the  development  of  large  lesions  will  be  quantitatively  greater  than  in 
the  case  of  smaller  lesions. 
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FIGURE  1-1.  Observed  Retinal  Lesion  Development  a.  a Function  of 
Retinal  Energy  Dose  for  Various  Retinal  Image  Sizes. 


EXPERIMENTAL  OBSERVATIONS  OF  LESION  DEVELOPMENT  FOR  I ARGE 
RETINAL  IMAGE  SIZES  (647.1  nm)nO). 


diameter)  at  one  hour  post-exposure! 5) . 


Nevertheless,  over  the  limited  range  of  pulsewidths  of  interest  in 
this  experiment,  the  t’-end  (Figure  1-1)  is  encouraging.  Moreover,  it  can 
be  seen  that  for  an  incident  retinal  energy  dose  of  76  J/cm"  the  lesion 
growth  factor  ( 1.6)  is  approaching  its  asymptotic  limit.  Taking  the 
transmission  of  the  ocular  media^^')  to  be  0.682  at  this  wavelength  (6'1  .1 
a retiral  dose  of  75  J/cm-'  is  eguivalent  to  a corneal  power  of  -100  W for 
an  exposure  of  1.1  sec.  Using  these  values  as  a starting  point,  IITRI 
modeU^)  calculations  were  carried  out.  The  results  of  these  computer 
calculations  are  summarized  in  Table  1-2  and  Figure  1-2. 


nm) 


The  striking  agreement  between  mode!  predictions  and  experimental 
results  is  significant  in  that  the  calculated  points  represent  the  model's 
actual  predictions  of  lesion  sizes;  i.e.,  none  of  these  points  was  normalized 
to  agree  with  experimental  data. 


The  remaining  problems,  precise  placement  of  the  lesion  and  accurate 
determination  of  the  laser  beam  profile  on  the  retina,  are  discussed  in 
the  following  sections. 


C.  APPARATUS 


The  apparatus  used  in  these  experiments  is  shown  diagrammatical ly 
in  Figure  1-3  and  a schematic  diagram  of  the  optical  system  employed  to 
vary  beam  divergence  is  shown  in  Figure  1-4.  The  principal  variations 
from  the  usual  arrangementl^'^ ’^0)  consisted  of  replacing  the  swing-away 
mirror  with  a dichroic  beam  splitter  and  redesigning  the  holder  for  the 
external  lenses  to  permit  independent  alignment  of  complex  lens  configurations 
In  addition,  a pair  of  mirrors  was  placed  in  the  laser  path  to  provide  beam 
alignment  in  the  direction  normal  to  the  plane  shown  in  Figure  1-3.  This 
modification  permitted  alignment  of  the  laser  beam  along  the  optic  axis  of 
the  fundus  camera,  independent  of  the  movable  beam  splitter  which  was 
mounted  on  the  holder  of  the  fundus  camera  objective  lens. 


The  reflectivity  of  the  dichroic  beam  splitter  was  94%  for  647.1  nm 
light  polarized  perpendicular  to  the  plane  of  incidence.  This  component 
had  very  high  transmission  throughout  the  visible  spectrum,  especially  in 
the  blue,  thus  providing  the  capability  of  viewing  the  fundus  through  the 
beam  splitter  while  preparing  for  the  laser  exposure.  Last  minute  checks 
of  animal  movement  or  optical  misalignment  could,  therefore,  be  made  imme- 
diately prior  to  exposing  the  retina  to  the  laser  beam. 

It  was  found  empirically,  from  the  results  of  more  than  50  retinal 
exposures,  that  tke  center  of  the  les'ion  had  a circular  error  probability 
(CEP)  of  aboiit  10%  of  the  laser  image  diameter  at  the  retina.  That  is, 
for  large  image  sizes  ( 750  ;im) , the  center  of  the  lesion  was  generally 
within  x75  ;.m  of  the  intended  target  location.  For  smaller  retinal  images 
(-v200  cm),  the  CEP  was  about  20-25  urn.  The  principal  limiting  factor  was 
not  the  alignment  of  the  dichroic  mirror,  but  rather  the  alignment  of  the 
external  lenses  used  to  vary  the  beam  divergence  of  the  laser  at  the  cornea. 


TABLE  1-2. 


SUMMARY  OF  CALCULATED  LESION  SIZES  (IITRI  MODEL; 
FOR  VA'JIOUS  RETINAL  IMAGE  DIAMETERS  AS  FUNCTIONS 
OF  RETINAL  IRRADIANCE  AND  RETINAL  ENERGY  DOSE. 
(Wavelength:  647.1  nm,  Pulsewidth;  1.1  sec). 


Corneal  Power 
(nW) 

Retinal  Irradiance 
(W/cm- ) 

Retinal  Energy  Dose 
( J/cm^ ) 

Lesion  Diameter 
image  Diameter 

Inia^e  Pi ameter 

= 180  ym 

6.  19 

16.58 

18.24 

0.00 

10.76 

28.83 

31.71 

0.67 

24.84 

66.55 

73.21 

1.33 

25.00 

66.98 

73.68 

1.34 

45.12 

120.9 

133.0 

2.00 

72.53 

194.3 

213.8 

2.67 

Image  Diameter 

= 300  ym 

12.70 

12.25 

13.47 

0.00 

15.20 

14.66 

16.13 

0.33 

22.20 

21.41 

23.55 

0.67 

34.80 

33.57 

36.92 

1.00 

54.90 

52.95 

58.25 

1.33 

70.00 

67.52 

74.27 

1.55 

148.0 

142.8 

157.0 

2.21 

Image  Diameter 

=450  ym 

20.10 

8.62 

9.48 

0.00 

24.70 

10.59 

11.65 

0.31 

34.20 

14.66 

16.  13 

0.62 

53.60 

22.98 

25.28 

0.93 

91.40 

39.18 

43.10 

1.24 

160.0 

68.59 

75.45 

1.64 

266.0 

114.0 

125.4 

1.99 

Image  Diameter 

= 550  ym 

26.20 

7.52 

8.27 

0.00 

31.70 

9.10 

10.01 

0.33 

46.00 

13.20 

14.52 

0.65 

77.10 

22.13 

24.34 

0.98 

142.0 

40.75 

44.83 

1.31 

240.0 

68.87 

75.76 

1.64 

451.0 

129.4 

142.4 

2.05 

continued. . . 
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TABLE  1-2  (continued) 


Corne,jl  Power 

_ 


Retinal  Irradiance  Retinal  Energy  Oose  Lesion  Pi ameter 
(W/cpi" ) ( J/cin" ) rmag~e~ ' "^Di'aine te r 


Image  Diameter  = 650  um 


31.90 

6.55 

7.21 

0.00 

39.20 

8.05 

8.86 

0.34 

59.30 

12.18 

13.40 

0.63 

110.0 

22.60 

24.36 

1.02 

210.0 

43.15 

47.46 

1.35 

330.0 

67.80 

74.58 

1.62 

700.0 

143.8 

158.2 

2.08 

Image  Diameter  = 

750  pm 

38.00 

5.86 

6.45 

0.00 

47.50 

7.33 

8.06 

0.35 

74.50 

11.50 

12.65 

0.69 

147.0 

22.69 

24.95 

1.04 

302.0 

46.61 

51.27 

1.  39 

440.0 

67.90 

64.69 

1.60 

1050.0 

162.0 

178.2 

2.09 
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Opt  1C  '1  i s of 
fundus  cdinora 


FIGURE  1-.'^.  Block  [Maijram  of  Lxpor imfnta ! Apparatus  for  Inducing  Large  Retinal  Lesions. 


Thus,  tne  center  of  the  beam  must  coincide  with  both  the  optic  and 
qeonetric  axes  of  tne  lens  system.  To  accomplish  this,  a pinhole  ( 80  m, 
diameter)  was  inte^'posed  on  an  X-Y  micrometer  translation  stage  between 
the  shutter  and  the  beam  elevation  mirrors.  This  arrangement,  togetner  with 
exter-nal  bench  marks  for  laser  alignment,  permitted  fine  adjustment  o*  all 
optical  components  in  order  to  achieve  beam  symmetry  and  precise  beam 
alignment,  both  before  and  after  the  external  lens  system.  Finally,  the 
capability  of  translating  tne  external  lens  assembly  along  the  laser  beam 
axis  assured  that  the  beam  did  not  come  to  a focus  on  the  beam  splitter 
itself  (Figure  1-4)  and  allowed  a fixed  beam  diameter  of  2.5  mm  to  be 
maintained  at  the  cornea,  irrespective  of  divergence  angle. 

The  trial -and-error  process  required  to  achieve  high  accuracy  and 
precision  in  lesion  placement  was  prolonged  and  tedious,  since  each  o'" 
the  nine  optical  components  of  the  system  had  at  least  two  aegrees  o'" 
freedom.  However,  the  results  achieved  were  quite  satisfactory  and  tne 
apparatus,  thus  configured,  was  used  to  expose  the  retinae  of  six  trained 
primates . 


D • BAY.' "iTACE  CALCULATIONS 

The  retinal  image  diameters  listed  in  Table  1-2  were  selected  to 
provide  the  best  range  of  lesion  sizes  for  the  first  series  of  exposures. 

In  practice,  actual  retinal  image  diameters  were  extremely  difficult  to 
measure,  in  part  because  the  dichroic  beam  splitter  reflected  light  polarized 
perpendicular  to  the  plane  of  incidence.  Thus,  even  though  the  laser  light 
scattered  from  the  fundus  was  largely  depolarized,  about  50%  of  this  inten- 
sity was  rejected  by  the  beam  splitter.  In  addition,  subjective  estimates 
of  beam  daimeters  at  the  retina  vary  widely  according  to  laser  wavelength 
and  beam  intensity,  degree  of  dark  adaptation  of  the  observer,  and 
individual  judgments  of  the  1/e^  limits. 

Therefore,  in  order  to  set  the  beam  parameters  (divergence,  power 
level  and  pulsewidth)  desired  to  induce  a given  retinal  lesion,  it  was 
preferable  to  calculate,  rather  than  to  attempt  to  measure,  the  1/e'  image 
diameter  at  the  retina.  Using  the  terminology  shown  in  Figure  1-4,  the 
full-angle  beam  divergence,  2o,  at  the  cornea  is  given  by: 

2Q  . d :ifjL^jiL)_  (1.1, 

fifz 

where  2h  is  in  milliradians  (mrad),  d,  is  the  laser  beam  diameter  (nm)  at 
lens  Lj,  X;  is  the  spearation  (m)  of  lenses  Lj  and  L2,  and  fj  and  f^  are 
the  respective  focal  lengths  (m)  of  the  lenses.  Therefore,  the  retinal 
image  diameter,  2cf-,  is  given  by; 

2ar  : 20  X fg  (1-:^) 

where  fg  is  the  effective  focal  length  of  the  primate  eye.  With  20  given 
in  milliradians  and  fg  in  millimeters,  2up  has  units  of  micrometers  (cm). 
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of  laser  beam  parameters  and  trie  concord  ttant 
a val'je  for  fp  =13.35  mm  may  be  used  as  determined 


ror 

choice  O' 

by  Sanders^ ''-’I , although  this  value  will  evidently  vary  with  the  psysio- 
logical  optical  parameters  of  an  individual  prima*'e  eye.  In  addition, 
ray-trace  calculationsn2,l  3)  suggest  that  a Gaussian  beam  profile  at  the 
cornea  will  be  severely  distorted  at  the  retina,  especially  in  the  case  of 
la-'ie  divergence  angles.  To  overcome  tnese  problen’S,  keratometry,  phakometry 
and  ul  trasonographi c distance  measurements  were  carried  out  on  the  e..es  of 
all  trained  animals  used  in  the  visual  acuity  studies.  Unfortunately , the 
trained  animals  were  not  available  for  phakometric  measurements  before 
receiving  retinal  laser  exposures.  Since  accurate  ray-tracing  calculations 
require  knowledge  of  lenticular  curvatures,  absolute  calculations  had  to  be 
undertaken  well  after  the  fact.  The  results  are  summarized  below. 


E.  RESULTS 


E-1.  Retinal  Image  Sizes 

The  experimental  conditions  (beam  divergence,  laser  power  ana 
pulsewidth'  used  to  expose  the  trained  subjects  were  selected  to  induce 
retinal  lesions  ranging  from  300  to  HOO  cm  diameter.  Initial  estimates  of 
the  1/e^  retinal  image  diameters  were  made  using  Equations  (1-1)  and  (1-2) 
with  individual  estimates  of  the  effective  focal  length  of  eacn  subject  eye 
calculated  from  the  relationship: 


f = (Total  Axial  Length)^ 
e 1.336  (A+  V)  + 1 .416  lIT 


(1-3) 


where  A,  V and  L are  the  respective  thicknesses  of  the  anterior  char^ber, 
vitreous,  and  lens  obtained  by  ul trasonography , and  1.336  and  1.41o  are  the 
refractive  indicesilA)  of  water  and  the  rhesus  lens,  respectively.  This 
method  was  employed  in  lieu  of  absolute  ray-tracing  and  the  calculated 
image  sizes  are  tabulated  below. 


E-2.  Retinal  Laser  Exposures 

The  trained  subjects  were  irradiated  on  a schedule  such  that 
there  was  a minimum  of  two  weeks  between  exposures  of  the  two  eyes  of  a 
given  subject.  Lesion  sizes  were  measured  ophthalmoscopi cal ly  (fundus 
camera)  immediately  after  the  exposures  (2-3  min)  and  at  ^30  min  post- 
exposure. In  addition,  fluorescein  angiography  on  each  eye  was  performed 
by  col  1 aborators( 1 5,16) , although  in  some  cases  not  until  75  days  post- 
exposure.  Nevertheless,  cross-calibration  of  funduscopic  photographs 
permitted  measurement  of  lesion  sizes  from  the  angiograms  to  within  "5  . 


E - 3 . R eti n al  Lesions 

In  the  earlier  sections  of  this  chapter,  it  was  shown  that  a 
constant  energy  dose  of  80-90  J/cm^  should  induce  lesions  approximately  60<. 
larger  than  the  respective  retinal  image  sizes.  Thus,  both  computer 
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calculations  and  experiments  on  young  (2-3  years,  rhesuj  subjects  indicated 
that  t^e  ratio  of  final  (1-24  hour  post-exposure)  lesion  diamete*'  to  retinal 
image  size  should  be  sensibly  cons*-dnt  at  1.6.  Accordingly,  in  the  initial 
exposures  on  the  trained  p-'i  -ates  the  retinal  energy  dose  aas  maintai  ned 
between  78  and  85  J/cm  , using  a fixed  exposure  time  of  1.1  sec  and  varying 
only  the  laser  power.  Results  on  the  first  four  eyes  demonstrated  quite 
conclusively  that  the  trend  observed  for  younger  animals  (see  -iqure  1-1) 
aid  not  apply  to  these  trained  subjects.  Specifically,  tne  observed  lesion 
diameters  we*'e  considerably  smaller  (by  m20  ' ) than  the  calculated  val.es. 

The  only  apparent  explanation  is  that  the  subjects  used  in  the  prese''t 
experiments  ranged  in  age  from  6 to  9 years  compared  to  ages  of  2-3  yea''S 
for  the  subjects  used  in  the  trial  exposures.  It  is  conceivable  that 
age-dependent  variations  in  the  nature  and/or  content  of  the  macular  pigr.ent 
are  responsible  for  this  marked  departure  from  theoretical  and  previous 
experimental  results. 

In  any  case,  the  actual  lesion  sizes  achieved  ( 1 75-1100  um)  cov-'-  the 
range  desired  for  the  follow-up  visual  acuity  measurements.  A comprenensi ve 
summary  of  the  results  of  this  study  is  listed  in  Table  1-3,  which  includes 
lesion  measurements  taken  from  fluorescein  angiograms'  Figures  1-5  and 

1-6  show  comparative  fundus  photographs  and  fluorescein  angiograms  of 
subject  572  (OS).  These  photographs  were  taken  at  2 hours  post-exposure 
(Fig.  1-5)  and  at  75  days  Dost-exposure  (Fig.  1-6).  The  magnifications  ir 
both  cases  are  the  same,  and  it  can  be  seen  that  the  appa'-ent  lesion 
dimensions  in  the  angiograms  are  somewhat  smal 1 er  than  those  shown  in  tne 
fundus  photograohs. 

The  correlation  between  lesion  size  and  short-term  (6-41  days)  visual 
acuity'^5)  shows  the  expected  trend  of  acuity  decrement  with  increasing 
lesion  size.  However,  long-term  visual  acuity  data  following  laser  exposure 
show  two  distinct  transition  stages.  Measurements  taken  at  75  to  110  o'ays 
post-exposure  show  that  for  lesions  smaller  than  m200  urn,  there  is 
apparent  recovery  of  visual  acuity  (Landolt  "C")  to  the  20/20  le.“l.  For 
lesion  sizes  between  250  and  750  ..m,  acuities  of  20/40  to  20/50  were 
measured.  Visual  acuities  of  20/100  or  worse  were  measured  only  for  lesion 
sizes  greater  than  900  urn. 

'wne*her  these  results  are  indicative  of  true  recovery  of  visual  acuity 
or,  for  example,  a learned  response  which  compensates  for  the  central 
scotomas,  remains  to  be  determined.  In  any  case,  it  seems  clear  that  more 
meaningful  interrogation  of  the  visual  response  following  laser  exposures 
is  required.  In  particular,  chromatic  visual  acuity  tests  should  be 
investigated  in  order  to  probe  the  fovea!  response.  Such  tests  should 
distinguish  between  true  recovery  of  visual  acuity  and  a learned  response' 

A more  complete  description  of  the  psychophysical  aspects  of  this 
study,  including  the  temporal  histories  of  post-exposure  acuity  tests  will 
be  found  elsewhere( 1 5) . 
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Subjects  (ire  listed  in  order  of  increasincj  c-ilcuKited  final  lesion  diameters. 


FIGURE  1-5.  Ordinary  Fundu^  Photograph  (left)  and  Fluorescein  Angiogram  (right)  of  Subject 
572  (OS)  Taker)' at  Two  Hours  Post-exposure.  Calculated  laser  image  diai"eter 
at  retina,  544  ..m;  corneal  power,  259  mW ; exposure  time.  1.1  sec;  calculated 
average  retinal  dose,  83.7  J/crn^.  Measured  lesion  diameter  ( furrduscopic)  1100 
See  Table  1-3. 
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CHAPTER  2 


RETHAL  PHG’OC'JlMISTRY 


A.  INTRODUCTION 

Involvement  of  photochemical  processes  in  laser-induced  retinal 
damaqe  mechanisms  has  been  inferred  from  results  of  two  widely  iisparate 
kinds  of  threshold  experiments.  Han,  et  al.l'^  observed  a strong  wave- 
length dependence  of  damage  threshold  for  long-term  (1-1000  secj,  low 
power  exposures  over  the  range  from  441.6  to  1064  nm.  The  results  were 
compared  against  calculated  temperature  increases  from  which  it  was 
inferred  that  thermal  mechanisms  predominate  in  the  case  of  near-IR 
exposure  with  a gradual  progression  to  photochemical  mechanism(s)  with 
decreasing  wavelengths.  Ham(2)  has  recently  attributed  the  latter 
primarily  to  coagulation  of  pigment  granules  in  the  pigment  epithelium 
(PE).  The  macula  lutea  appears  to  be  less  sensitive  than  the  paramacula 
to  blue  wavelengths,  presumably  due  to  protective  absorption  by  xantho- 
phyll(2).  We  have  observed  a similar  effect  and  tend  to  concur  with  tnis 
explanation  (see  Chapter  4). 

Another  case  of  presumed  photochemical  damage  was  reported  by 
Connolly,  et  al.(3,4).  Short  (10  ; ec),  repetitive  pulses  of  visible  and 
near-IR  laser  radiation  demonstrate  distinct  cumulative  effects  that  are 
optimal  for  certain  pulse  separations.  Figure  2-1  shows  this  pattern  for 
fixed  configurations  of  2,  3,  5 and  10  identical  pulses  of  514.5  nm 
radiation.  The  distinct  minima  in  the  damage  thresholds  for  interpulse 
separations  of  0.5  to  2.5  sec  cannot  be  understood  in  terms  of  strictly 
thermal  processes.  Accordingly,  we  hypothesize  involvement  of  photo- 
chemical or  photobiologi cal  effects  in  the  retina,  possibly  involving 
the  photoreceptor  pigments(3).  The  distinction  between  photochemistry 
and  photobioloqy  in  this  particular  case  is  necessarily  ambiguous.  For 
the  purpose  of  this  discussion,  however,  we  can  consider  that  photo- 
chemical processes  involve  relatively  rapid  (msec  or  less)  molecular 
changes  due  to  chemical  reactions  of  excited  electronic  states.  In 
contrast,  photobiologi cal  processes  may  be  defined  as  alterations  cf 
biological  activity,  usually  on  a much  longer  time  scale.  However,  in 
both  cases,  the  initial  event  is  quantum  conversion  of  the  absorbed 
electric-dipole  radiation,  as  opposed  to  thermal  conversion  in  which  the 
absorbed  light  is  degraded  as  heat. 

In  an  earlier  report^^),  we  discussed  initial  results  of  empirical 
computer  modeling.  These  efforts  were  undertaken  for  the  dual  purpose 
of  predicting  relative  damage  thresholds  for  multiple-pulse  configurations 
and  to  provide  insight  regarding  possible  damage  mechanisms.  Thus,  if 
the  available  data  could  be  described  by  a set  of  simple  analytical 
functions,  one  or  more  working  hypotheses  could  be  constructed  and  experi- 
ments designed  to  test  them. 
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B.  EMPIRICAL  MODEL 


Tne  tnul ti pie- pul se  data  displayed  in  Figure  2-1  are  listed  in 
Table  2-1.  Double-pulse  threshold  data  are  re-plotted  in  Figure  2-2 
as  "relative  sensitiv'.y"  vs.  time.  This  sensitivity  function  is 
defined  by: 


= ED'sbitT  ^2-1) 

where  161  is  the  single-pulse  threshold  (in  mW  incident  at  the  cornea) 
and  EDggft)  is  the  threshold  for  double  pulses  separated  by  t sec. 


In  attempting  to  fit  these  curves  to  analytic  functions,  the 
principal  criteria  were:  (a)  to  minimize  the  number  of  adjustable  para- 
meters, and  (b)  to  restrict  the  choice  of  trial  functions  to  those  with 
some  reasonable  biophysical  interpretation.  The  rate  equations  for  the 
consecutive,  irreversible  first-order  rate  processes: 

A *^-1  B -T-  C D (2-2) 


meet  both  criteria.  Moreover,  consecutive,  irreversible  first-order 
processes  are  well  establisned  in  the  photochemistry  of  the  retinal 
pigment  rhodopsin(5,6)  _ jtie  differential  equations  describing  the  time 
dependence  of  these  species  are: 


^ = 
dt 

dt 

^ = 
dt 

^ = 
dt 


A(t) 


-kjA 

(2-3) 

kjA  - 

k2B 

(2-4) 

k^B  - 

kgC 

(2-5) 

kjC  = 

,dA  dB 
■^dt  dt 

(2-6) 

ns  can 

be  found 

in  any  standard 

text^  : 

= Age' 

k,  t 

(2-7) 

_ Ao 

IT 

- e‘*^i^) 

(2-8) 

1" 

•^2 

e-k^t 

1 

MW  - «oM^2  TiTH^ITikTirsT 

D(t)  = Aq  - (A(t)  + B(t)  + C(t)}  (2-10) 

where  Aq  represents  the  initial  concentration  (i.e.,  at  t = 0)  of  species  A. 
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TABir  2-1.  l-’ETriAl  TflRESHOLOS  FfiP  F!  E 
■M’MBFRS  OF  REFETriVE  10-i.$ec,  514.5-rvi  LASER  FOLSES^'^^ 


1 Pl.l'io 

‘lO.  R‘.‘Pf"t  i F 1 on 

of  ! Froq'joncy 

Folses  1 (Hz) 

!r,  ter- 
P'i  1 so 
Spocino 
(sec) 

ED50^^^ 
Fe.ik  Pulse 
Power 
(mW) 

FD50'^) 
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Pu  1 se 
(..0) 

93 
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1.03 
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1 

■1 

0.25 
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1.13 

108  - 113 

1 

1 

90.5 

0.90 

83.7  - 8.0 

5 

: 

0.  H 

1.667 

77.3 

0.77 

67.8  - °8.1 

3 

\4 

2.  . 

72.3 

0.72 

69.8  - 74.3 

11 

n.25 

102 

1.02 

97.0  - 108 

4 

I 

0.107 

6 

114 

1.14 

135  - 124 

I 

0.10 

10 

143 

1.43 

133  - 155 

1 

i 
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15 

•^-146 

■7.45 

(0 

3 

60 

0.017 

'^.90 

■xO.9 

~ 

(c;  , 

6 

0.167 

■'82 

0.82 

(c)  ■ 

\ 

0.6 

1.667 

41.3 

%0.41 

39.6  - 43.1 

10  , 

i 

1 

0.  1 

10 

151 

1.51 

144  - 157 

10  • 

1 ^ 

100 

0.01 

79.8 

0.80 

77.8  - 81.3 

10 

10 

0.10 

67.8 

0.68 

66.5  - 69.2 

6 

1 

1 

1 

25.0 

0.25 

23.9  - 26.1 

11  : 

1 

1 

0.  167 

6 

^.130 

%1 . 3 

^C;  , 

1 

t 10 
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0.005 

'<74 

0.74 



(cl 

20 

0.05 

-V58 

0.58 

— 

^C;  ■ 

( 

2 

0.5 

"-23 

0.23 

— 

(0 

t 

1 

0.  333 

3 

'■.87 

0.37 

(c;  : 

- 

(a) 

Powers  and  energies 

at  cornea. 

(b) 

Lower  and  upper  95* 

confidence  limits 

(c) 

Interpolated. 

By  trial  and  er'>’0'’,  we  found  that  the  data,  e''pressed  as  re'^nal 
sensitivity  ,Fiij.  2-2),  could  be  fit  satisfactori  ly  by  biuation  ^2-3) 
with  A;  = 2.B5,  k ■.  = 1.6  sec'‘,  ko  = 0.8  sec"  and  k = 0.48  sec’^,  as 
shown  in  Figure  2-3.  , 

It  is  not  essential  to  assj:ne  that  retinal  damage  i duced  by  repetitive 
laser  pulses  results  from  a molecular  scheme  exactly  as  depicted  by  EquaM’on 
(2-2).  Rather,  the  inimediate  purpose  of  this  modeling  effort  was  to  deter- 
mine whether  the  same  time-deoendent  function  (e.g..  Eg.  2-9)  could  adequatel/ 
describe  not  only  the  double-pulse  threshold  data,  but  also  multiple-p Jse 
(n  ->  2)  threshold  data. 

I'he  treatment  for  double  pulses  is  relatively  straightforward  since 
pulse  separation  is  identical  to  real  time.  Fur chermore , the  presumed 
roles  of  the  two  pulses  are  separate  and  discrete:  the- first  pulse  is 

considered  to  sensitize  the  retina  either  by  the  formation  of  a transient 
intermediate  species  or  by  inducing  a time-dependent  alteration  in  the 
condition  of  the  retina  (e.g.,  high  local  concentrations  of  Na’''  or 
The  second  pulse  then  induces  damiage  which  is  considered  to  be  reversible 
up  to  some  as  yet  undetermined  level  (i.e.,  threshold)  and  irreversible 
beyond  that  point.  As  discussed  previously^ , the  data  in  Figure  2-1 
suqoest  that  there  is  a different  threshold  for  each  pulse.  Specifically, 
the  t'hreshold  power  for  the  first  pulse  appears  to  be  in  the  neighborhood 
of  2u-25  mW,  since  no  damage  was  observed  at  lower  peak  powers,  even  for 
10  or  more  pulses.  The  threshold  of  the  second  pulse  appear-s  to  be  70  mW, 
i.e.,  the  lowest  power  at  which  damage  could  be  induced  with  double  pulses. 

For  three  or  more  pulses,  the  picture  is  more  complex.  First,  pulse 
seoaration  and  real  time  are  not  identical.  Secondly,  in  an  n-pulse  train, 
tne  middle  (n-2)  p..jlses  are  considered  to  have  the  dual  roles  of  inducing 
damage  and  sensitizing  the  retina  for  the  next  pulse.  Finally,  inspection 
of  the  data  for  2,  3,  and  5 pulses  (Table  2-2)  suggests  that  the  effe  t of 
tne  last  (n-1)  pulses  is  energy-  rather  than  power-dependent. 

Thus,  in  order  to  apply  Equation  (2-9)  to  the  case  of  three  or  more 
pulses,  it  is  necessary  to  make  some  explicit  assumptions. 

(1)  It  is  assumed  that  the  cumulative  effects  of  visible  laser 
pulses  are  due  to  photobiologi cal  (or  photochemical)  processes  rather  than 

to  thermal  effects.  The  basis  for  this  assumption  is  that  relaxation 

processes  in  the  retina  have  been  shown,  both  experimental ly^""' ^ ' and 
theoretical  ly02) , to  be  much  faster  than  the  observed  0.5-2. 5 sec  optimum 
interpulse  spacing. 

(2)  It  is  further  assumed  that  the  primary  light  absorbing  species 
responsible  for  the  observed  phenomenon  is  the  photoreceptor  pigment.  It 
has  been  amply  demonstrated  that  brief,  i ntense  flashes  saturate  the  photo- 
receptors at  50'^  conversion  of  rhodopsin  to  its  bleached  photoproductsl^) . 
Since  the  time  scale  for  recovery  of  bleaching  ( 30  min)vl-^)  ,-5  ^^ich  longer 
than  the  time  span  of  interest  here,  recovery  of  the  light  absorbing  species 


TABLE  2-2. 


THRESHOLD  POWERS  AND  ENERGIES  FOR  REPETITIVE  10  ..sec, 
514.5  nm  LASER  PULSES  AT  OPTIMUM  SPACING 


ED50* 


No.  of 
Pulses 
(n) 

Interpulse 
Spaci ng 
(sec) 

Threshold 

Power 

(mW) 

2 

2.5 

^12 

3 

1.67 

''41 

5 

1.0 

'V.25 

10 

-^-0.5 

-V23 

ED50* 
Energy 
per  Pulse 
(uJ) 

Total 
Energy 
n Pulses 
(mJ) 

Total 
Energy 
(n-1)  Pul! 
(mJ) 

0.72 

1.44 

0.72 

0.41 

1.23 

0.82 

0.25 

1.25 

1.00 

0.23 

-V2.3 

2.07 

♦ 


Incident  at  the  cornea. 


can  be  consiiiered  negligible.  Thus,  the  contribution  of  each  oulse  to 
the  retinal  sensitivity  is  assumed  to  decrease  by  successive  factors  of 
two.  Equation  (2-9',  which  expresses  the  time  dependence  of  retinal 
sensitivity  only  for  t'-e  first  pulse,  can  then  be  rewritten  for  each  p^lse 
in  a train  of  n pulses : 


F 

n 


(tj 


(2-11, 


= 0 i f t < ns 

where  fn(t)  is  given  by  Equation  (2-9),  s is  the  interpulse  spacing,  and 
A,)  becomes  the  new  normal  ization  factor. 

(3)  For  a train  of  n pulses  we  consider  only  the  effects  of  the 
last  (n-1)  pulses.  In  other  words,  it  is  implicitly  assumed  that  the 
sensitization  etfect  is  independent  of  laser  intensi ty( . This  assumption 
is  consistent  with  the  double-threshold  hypothesis(^^  and  has  some  interesting 
cot  sequences  which  are  discussed  below. 

(A)  It  is  necessary  to  make  some  assumption  regarding  the  fate  or 

role  of  the  presumed  transient  intermediate  state.  It  may  be  assumed  that 
state  "C"  represents  a real  intermediate  species,  which  itself  is  subject 
to  whole  or  partial  destruction  by  absorption  of  subsequent  laser  pulses. 
Alternatively,  state  "C"  may  represent  an  intermediate  species  (or  a transient 
condition  of  the  retina)  which,  once  formed,  is  unaffected  by  subsequent 
laser  pulses.  In  the  former  case,  the  pool  would  be  depleted  by  successive 
pulses  and  the  cumulative  effect  would  be  expected  to  saturate  at  fewer 
pulses  than  in  the  latter  case  where  no  destruction  is  assumed.  Roth 
cases  have  been  treated  and  the  results  are  discussed  below. 

No  attempt  has  yet  been  made  to  calculate  absolute  threshold  powers 
or  energies,  primarily  because  there  exist  insufficient  experimental  data 
on  which  to  base  a "damage  integ:^al".  However,  if  the  two-threshol d 
hypotnesis  discussed  previously  for  double  pulses(^^  is  verified  expe-*!- 
mentally,  it  will  be  a relatively  simple  matter  to  define  a numerical 
damage  criterion  and  calculate  the  power  (energy)  required  to  induce 
retinal  lesions. 

From  Equation  (2-il),  it  is  seen  that  the  cumulative  effect  of  n 
successive  pulses  can  be  written  as: 

r /_  _ f(tj  + + lLt-2s_l  ftt-(n-l)s  ■ 

0.  -2  + 4 g 

= r t-(k-l)s>  (2-12) 

k-1  2*^ 

where  s is  the  interpulse  spacing  and,  as  before,  f(t-ns)  = 0 if  t < ns. 


2-9 


If  it  is  first  assumed  that  the  damaae  nrobability  for  the  pu’se 
is  p'-oportional  to  tne  population  of  species  "C"  induced  by  the  previo-. 
(n-1)  pulses  where  "C"  is  not  subject  to  destruction  by  the  laser  radiati  r. 
then  for  ary  given  pulse  separation  the  "damage  integral"  is  simply  tne 
Sum  of  the  appropri ately  normalized  values  of  G(n,t)  at  the  time  each 
successive  pulse  is  delivered.  For  two  pulses,  the  optimum  inte^'pulse 
spacing  is  calculated  to  be  2.4  sec  and  the  damage  threshold  is  higher  than 
in  the  case  of  three  or  more  pulses. 


For  multiple-pulse  exposure  trains  (n-2),  the  optimum  retinal  sensi- 
tivity will  occur  at  a spacing,  s,  such  that  the  sum  of  the  values  of  G(n,t) 
evaluated  at  each  time  interval  (t=ns)  is  a maximum.  Thus,  multiplying 
Equation  (2-12)  by  the  normalization  factor  (4)),  the  sum  to  be  evaluated  is; 


G(j  ,js) 


f(js)  + 


n j-1 
z z 
j=2  k=l 


fjjs-ksTl 


(2-13) 


A BASIC  language  computer  program  was  written  for  the  Hewlett-Packard 
9830  system  to  carry  out  these  calculations.  The  resulting  equation  used 
to  fit  the  data  is: 


P 


1 

1+Aq  z G(n,ns)  ^ T 


(2-14) 


where  P is  the  threshold  power  per  pulse  (mW  at  the  cornea),  the  summation 
is  defined  by  Equations  (2-13)  and  (2-9),  and  T is  an  empirical  correction 
term  to  take  into  account  cumulative  effects  of  strictly  thermal  mechanisms' 
The  correction  would  only  be  important  at  very  high  frequencies  (i.e.,  sho-'t 
interpulse  spacings).  The  results  are  shown  in  Figure  2-4  for  A'  = 5.7. 


.It  can  be  seen  that  the  fit  of  Equation  (2-14)  is  rather  satisfactory 
tor  2,  3,  and  5 pulse  configurations.  However,  this  version  of  the  model 
does  not  yield  a saturation  of  the  cumulative  effect  at  n j 5 pulses. 

Instead,  this  model  predicts  that  repetitive  laser  pulses  continue  to 
demonstrate  a cumulative  effect  even  beyond  10  pulses.  This  feature  is  a 
logical  consequence  of  assumption  (3)  above,  namely  that  the  magnitude 
of  retinal  sensitization  is  independent  of  laser  intensity  which  is  evide’'tly 
not  the  case. 


The  results  in  Figure  2-4  suggest  that  if  the  intensity  of  the  first 
pulse  is  sufficiently  high,  subsequent  pulses  at  low  power  can  i nduce  damage 
if  enough  of  them  a^e  delivered  to  the  retina  at  a spacing  of  0.4  to  0.5 
sec.  In  other  words,  this  version  o<"  the  model  adequately  describes  the 
two-thr  e''hold  hypothesis' discussed  above.  This  is  shown  more  clearly 
in  Table  2-3,  which  compares  the  predicted  and  experimentally  observed 
results.  These  results  suggest  that  in  addition  to  the  interpulse  power 
dependence  for  two  pulses,  experiments  should  be  undertaken  to  test  the 
equal  energy  relation  predicted  for  the  last  n-1  pulses  for  multiple- 
pulse  exposures.  The  results  would  immediately  confirm  or  deny  the  validity 
of  both  the  two-threshol d hypothesis  and  this  version  of  the  multiple-pulse 
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model.  In  addition,  if  the  results  vdlidd*;?  the  model,  then  the  hypothesi.. 
of  d pnotochemi cdl  damage  mechanism  will  be  proved. 


Next,  considor  the  case  wnere  state  “C"  is  presumed  to  be  a real 
intermediate  chemical  species  formed  by  the  first  n-1  pulses  and  destroyed, 
wholly  or  in  part,  by  the  last  n-1  pulses.  It  is  assumed  that  of  the 
amount  of  "C"  (formed  by  the  first  pulse),  available  when  the  second  pu’se 
arrives  (t  = s).  50  is  destroyed  while  the  second  pulse  simultaneously 
converts  50  of  the  remaining  absorber  pool  to  state  "C".  The  third  pulse 
then  destroys  half  the  amount  of  the  intermediate  available  at  t = 2s, 
and  so  forth.  The  net  effect  is  that  the  maximum  amount  of  the  pool  that 
can  be  destroyed  is  50  and  the  overall  retinal  sensitivity  (Eq.  2-13)  is 
reduced  by  half.  Thus,  an  equation  similar  to  (2-13)  is  employed  except 
that  the  double  summation  will  be  missing  a term  of  the  form  f(s)/2.  The 
operable  equation  for  depletion  or  destruction  of  species  "C"  is  descrioed 
by  Equations  (2-15)  and  (2-16): 


P = 


161  1 

1+At  OTn.nsT  ^ T 

**  n 


(2-15) 


A(|  ::  G’(n,ns) 
n 


H A),  2 G'(j,js) 
j = l 


a; 

T 


- f( js-ks ) 


■'  ■f(js)+  : z — ^ 

j = l j = 3k=2  2k 


(2-16) 


As  before,  f(ns)  is  given  by  Equation  (2-9).  The  results  for  2,  3,  5 and 
10  pulse  exposures  are  shown  in  Figure  2-5. 


The  symmetry  displayed  in  Figure  2-2  suggests  an  alternative  modeling 
approach;  namely,  that  either  a Gaussian  or  Lorentzian  function  might  yield 
a more  satisfactory  fit.  Both  functions  require  only  three  arbitrary 
parameters  although  the  biophysical  significance  of  the  results  would 
clearly  be  open  to  question.  In  any  case,  neither  of  these  functions 
alone  gave  a satisfactory  fit  to  the  data,  although  the  Gaussian  analysis 
did  provide  some  useful  insight  regarding  the  form  of  the  equation  corres- 
ponding to  the  smooth  curve  in  Figure  2-2. 


A Gaussian  function  of  the  form; 

Y = Cg  exp  (-{(t-a)/b}‘)  (2-17) 

has  a linear  transform  expressed  by: 

- vTnTCo7T)=  (2-18) 

b 

A set  of  data  can  be  fit  to  a Gaussian  profile  using  a simple  least  squares 
analysis.  Taking  the  positive  root  of  Equation  (2-18)  for  t > a and  the 
negative  root  for  t •'  a ex:ends  the  region  of  the  linear  fit.  Figure  2-6 
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10  i.sec  , 514.5  nni  Laser  Pulse. 


LERST  EQUHRES  RNRLYBEE 


TIME  CEEX) 

FIGURE  2-6.  Least  Squares  Analysis  of  - yin[ro/f  S-1  ) ] vs.  Pulse  Separation. 


displ.iys  tne  results*  for  the  (interpolated)  data  shown  in  l^igure  2-1.  Tne 
ordinate  is  simply: 


Z - Tn  c./Ts-jTi 

(2-19) 

where  S 
factor. 

is  tne  retinal  sensitivity  (Eg.  2-1)  and  C 
There  appear  to  be  two  linear  regions: 

is  a nonnal  i zation 

(a) 

0 < t ' 5 sec:  Y , = A j - B jt 

(2-20) 

and  (b) 

10  t < 25  sec:  Yn  = A - B,t 

(2-21) 

The  values  of  the  four  coefficients  obtained  by  least  squares  analysis  a-'e 
indicated  on  the  figure.  These  results  suggest  that  the  sensitivity  cur.e 
is  composed  of  overlapping  Gaussian  profiles:  e.g., 

S-1  = Cjexp  (-{(t-a)/bj'2)  + c^exp  (-{(t-a\/b/-2)  [2-22] 

in  which  case  the  two  linear  regions  in  Figure  2-6  would  represent  non- 
overlap between  the  two  expressions  on  the  right  side  of  Equation  (2-22). 
Physical  meaning  can  be  attributed  to  this  analysis  if  the  sensitivity 
curve  is  viewed  in  terms  of  the  kinetics  of  competing  first-order  processes 
of  different  species.  For  example,  consider  the  case  of  two  transient 
species.  Si  and  S2,  which  disappear  by  first-order  rate  processes: 


If,  at  a given  wavelength,  both  Sj  and  $2  absorb  light  more  stronglv  tnan 
their  respective  products.  Pi  and  P2,  an  overall  decay  of  the  total  absorbance, 
Dj,  would  be  observed.  Since  Dj  is  simply  the  sum  of  the  absorbance  changes 
of  the  two  species,  Dj  and  D2,  attempts  to  analyze  the  observed  absorbance 
decay  in  terms  of  first-order  kinetics  would  yield  a result  quite  simila>^ 
to  Figure  2-6.  That  is,  a semi-logarithmic  plot  of  Dj  vs.  t would  yield 
a plot  of  ln(D^e"*^i^  + D^e'^^zt)  where  D{  and  refer  to  absorbance  changes 
at  t = 0.  Assuming  that  k,  > l<2,  the  usual  treatment(^)  in  such  cases  is 
to  determine  and  k2  by  linear  least  squares  techniques  at  times  Sufficiently 
long  that  contributions  from  the  other  term  are  negligible.  At  shorter  times, 
contributions  of  the  second  term  are  computed,  converted  to  absorbance  and 
subtracted  from  the  overall  absorbance,  Dj.  The  logarithm  of  the  residua' 
is  in  turn  subjected  to  least  squares  analysis,  thereby  giving  good  estimates 
of  all  four  parameters.  Computer  analysis  of  such  kinetic  processes  is 
commonplace  in  photochemistry,  radiation  chemistry,  and  biochemistry. 


*N0tE : The  experimental  data  shown  in  Figure  2-6  and  the  following  figures 

were  taken  from  earlier  calculations  of  the  ED50  thresholds  using  a combined 
probit  analysi s( 1 5) . The  points  shown  are  only  slightly  different  from 
those  listed  in  Table  2-1. 
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The  tine  dependence  of  the  function  Z (Eq.  2-19)  was  anulyzed  in  this 
way.  Thus, 


Z = vlnTCj/S'^TT  = ln(Cie-l<;t+C2e‘'^  (2-24) 

Equation  (2-24)  yields  a new  computed  retinal  sensitivity  function: 

S(t)  = 1+Ca/exp- [ln(Cie-'^it+C.  e-^2t)]  (2-25) 

This  function  is  shown  on  a linear  tine  scale  in  Figure  2-7  and  the  agreement 
with  the  experimental  data  appears  to  be  rather  sati sfactory . 

■^his  function  can  be  used  to  compute  relative  threshold  values  by  a 
transformation  of  Equation  (2-1): 

ED50(t)  = (2-26' 

The  result  is  plotted  on  a log-log  scale  in  Figure  2-8.  Again,  the  fit  is 
satisfactory  although  a somewhat  better  fit  can  be  obtai’ed  by  small  aJj  . •- 
ments  in  the  parameters,  especially  Cj  and  kj. 

As  shown  in  Figure  2-9,  the  fit  achieved  by  successive  application  of 
Equations  (2-25)  and  (2-26)  is  less  than  satisfactory  for  all  but  the 
double-pulse  case.  These  computations  were  carried  out  as  de  .ribed 
previously  (Eqs.  2-13  and  2-14)  and  incorporated  the  assumption  fat  of 
the  available  pool  of  light  absorbing  species,  only  50  ^ are  af^'ected  by 
each  pulse.  The  principal  differences  between  these  computations  and 
those  described  earlier  are  the  choice  of  the  functional  form  of  the 
sensitivity  of  the  retina  and  the  neglect  of  thermal  corrections  in  the 
latter  case.  In  addition,  the  new  function  (Eq.  2-25)  requires  a differen: 
normal ization  factor  in  order  to  fit  the  double-pulse  data  at  optimum 
pulse  separation  (".-2.5  sec). 

It  is  worth  repeating  that  the  double-pulse  retinal  sensitivity  curve 
was  chosen  simply  as  a convenient  way  to  represent  the  threshold  data  on  a 
linear  time  scale  in  order  to  derive  an  analytic  expression  app’icable  to 
other  multiple-pulse  configurations.  If  it  is  assumed  that  the  function,  Z. 
(Eq.  2-24)  is  a measure  of  retinal  sensitivity,  then  the  overall  kinetics 
represent  formation  of  two  transient  species  (or  other  retinal  changes) 
with  relaxation  times  of  -1.6  and  55  sec,  respectively.  This  may  prove 
to  have  more  mechanistic  significance  than  any  other  aspect  of  this  model. 


C . comparative  effects  of  REPETITIVE  LASER  PULSES:  1064  vs.  514.5  _nm 

The  preceding  discussion  of  presumed  photochemical  or  photobiological 
damage  in  the  retina,  resulting  from  cumulative  effects  of  successive  laser 
pulses,  offers  no  serious  conceotual  difficulties  for  the  case  of  visible 
radiation.  Ihe  photoreceptor  pigment,  rhodopsin,  absorbs  very  strongly  in 
the  mid-visible  region  of  the  spectrum! 5,6) , and  quantum  conversion  of 
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nc.llRE  T-'L.  Semi -Em[.i  rir.il  lit  of  Threshold  vs.  Pulse  Separation  for  Multtiil 
S14.S  tun  Into  Pulst*'  . (Thermal  corrections  ne()  1 (>f  t ml . i 


visible  lifjhr  i n i *. '.t  •-■s  ^ne  conpl^^^  soo'Jf’nceof  che:’ii':jl  j'i'1  biocno"-.dl 
reactions  involved  in  tne  visual  DrocessH  7, 1..)  _ 

‘■'oreover,  excess  or  orolori'anl  pmj'.ic  stirnulation  n*  •t'e  re'ina  .'.’to 
visible  liqnt  bas  bee'-  demonstrated  to  induce  retinal  leqeneri' ’ ,n  in 
vertebrates ' ‘ ) . 'ne  damage  mechanism  may  involve  nior  concentrations 
of  unbound  retinol  (i.e..  all-tr_d_ns  vitamin  A al  cohol , ^ or^f  ree  oos  i n^  , 

both  of  which  are  end  products  of  the  rhodopsin  cycle . '■ e visual 

protein,  opsin,  has  been  shownl22)  tg  be  '”ore  thermally  labile  wnen  in  the 
free  state  than  wnen  bound  either  to  the  chromophore,  retinal  (i.e.,  ll-cjs 
vitamin  A aldehyde),  or  to  outer-segment  membranes.  In  addition,  prolonged' 
or  intense  exposure  of  the  cetiria  to  visible  light  can  induce  high  localized 
gradients  of  Na'*'  or  Ca'*"^  ions'"',  which  may  either  damage  the  -etinal  mem- 
branes or  sensitize  the  exposed  area  to  damage  by  subsequent  radiation. 

Cation  gradients  are  also  implicated  by  the  kinetics  involved  in  multiple- 
pulse  retinal  damage.  The  optimum  interpulse  spacings  of  1-2.5  sec  for 
10  ..sec  visible  pulses(^)  and  0.2  to  0.5  sec  for  300  nsec  near-IR  pulses^'^' 
are  much  longer  than  the  lifetimes  o^  the  various  transient  intermediates 
in  the  rhodopsin  cyclel^’^’^ ^’^^>22-25,27,28) _ However,  Bonting(2a,  has 
calculated  that  the  recovery  time  for  the  light-induced  cation  gradient  in 
a single  rod  sac  is  0.55  sec  at  saturating  intensities.  This  compares 
favorably  with  the  molecular  diffusion  rates  ( .2xl0" 'em  sec'-)  calculated 
by  Hagins(30,  for  frog  cones  and  primate  foveal  cones. 

In  t-'e  near-i nfrared  (IR)  region,  however,  cumulative  effects  of 
reoetitive  laser  pulses  are  difficult  to  internret  in  terms  of  either 
photic  or  thermal  effects.  Figure  2-10  shows  retinal  damage  thresholds 
determined  by  Hemstreeu,  et  al.i^l  for  repetitive  Q-switched  ( .300  nsec) 

1054  nm  laser  pulses.  The  remarkable  similarity  between  these  threshold 
profiles  and  those  measured  using  10  usec,  514.5  nm  pulses  ' see  Fig.  2-1) 
led  these  workers  to  speculate  that  either  frequency-doubling  or  two- 
photon  absorption  of  1064  nm  laser  radiation  was  involved. 

Quantum  conversion  of  the  incident  laser  pulse  is  considered  essential 
only  for  the  first  pulse.  That  is,  for  double-pulse  threshold  damage,  the 
effect  of  the  first  pulse  is  considered  to  be  phot'c,  whereas  thermal  effects 
induced  by  the  second  pulse  (e.g.,  thermal  degradation  of  free  opsin)  are 
not  ruled  out.  From  the  relative  intensities  of  visible  and  near-lR 
radiation  required  to  induce  threshold  damage  at  optimum  -'nterpulse  spacing 
(viz.,  25  mW  at  514.5  nm  vs.  m20  at  1064  nm),  a frequency-doubling 
efficiency  of  X).V.  was  estimated^  to  be  sufficient  to  convert  near-IR 
laser  pulses  to  the  necessary  intensity  of  visible  light. 

Frequency  doubling,  or  second-harmonic  generation  (SHG),  results  from 
a complex  -nteraepon  between  coherent  light  and  the  bound  electrons  in  a 
non-linear  mediuml31)  such  as  an  anisotropic  crystal.  The  efficiency  of 
SHG  depends  on  a variety  of  factors,  including  the  wavelength,  mode  purity 
and  power  density  of  the  incident  laser  beam  and  the  thickness  of  the 
non-linear  medium.  SHG  in  biological  tissues  has  been  observed  by  Fine 
and  Hansen(32)  for  stretched,  Q-switched  pulses  (60-90  nsec)  of  694.3  nm 
laser  light  For  whole  cornea  (rabbit  and  dog)  and  other  collagenous  tissues 
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t‘iev  measured  ar  'HG  efficiency  of  .lO'-  at.  incident-  pear  p.^igr  de'-sip-.e-j 
O'  '-’W  cm'  . ''ley  noted,  however,  that  the  3ct.;l  conversion  ef  f i „ i 
might  be  subs tant i a 1 i . nigher  if  light  scattering  coul -|  nave  been  acco..nted 
for  quanti  ■ iti vely . Thus,  a doubling  efficiency  as  hign  as  IG'  (0.1  ,■  for 
1064  nm  light  (1-2  kW  cm'-)  passing  through  a 'ighly  non-1 inear( 33) 
crystalline  medium  as  thick  as  the  rhesus  lens  { 3.5  mm)  is  conceivable,  b.t 
remains  to  be  observed  experimentally. 

An  alternative  mechanism  fo-’  inducing  the  hypothetical  reversible 
pnoto-tri gger  by  near-IR  laser  pulses  is  biphotonic  absorption  in  the 
photo'-eceptor  pigment.  This  e^^ect  has  been  observed  in  a n.jmher  of  hydro- 
carbons, both  in  the  crystalline  state  and  in  fluid  solution,  and  ^.wo-ohotor 
absorption  cross-sections  for  694.3  nm  laser  radiation  have  been  deterni ned-  3 
Based  on  these  values,  one  can  estimate  the  probability  of  two-photon  absorpt 
in  r^iodopsin  for  the  laser  intensities  of  interest. 

The  molecular  cross-section  (Lambertian)  for  sinnle-ohoton  absorotion 
(.g-)  is  related  to  the  decadic  molar  extinction  coefficient  . ) by''-^'''; 

71  = = 3.824x10'-!  (2-27) 

where  N is  the  Avogadro  number  (6.023x10^ ^) ; c has  units  of  liter  mole'’cm'!, 
and  0,  has  units  of  cm^^  molecules'!.  The  Beer-Lambert  equation  for  intensity 
of  light,  I,  transmitted  through  path  length,  1 (cm)  is: 

I = (2-23) 

where  I-  is  the  intensity  of  the  incident  light  (photons  sec"!)  and  n is  the 
concentration  of  the  absorbing  molecules  (molecules/cm'). 

For  bovine  rod-outer-segment  rhodopsin,  the  decadic  molar  extinction 
coefficient^^"^ ' at  498  nm  (e^-,.)  is  4.1x10''  liter  mole"*,  which  from 
Eo  ration  (2-27)  gives  a value  of  •^1.6x10'!’’  cm-  molecule'!  for  the  single- 
photon absorption  cross-section.  For  an  optically  thin  absorbing  medium, 
the  rate  of  single-photon  absorption  (Ri)  is: 

R = Ifl-^inl  = lowin'  photon  sec'!  (2-29) 

where  n'  is  the  total  number  of  absorbing  molecules  in  a cylindrical  volume 
element  of  area  A and  length  1 (i.e.,  n = n'/Al)  and  Iq  is  the  irradiance 
(T(,/A1  in  photons  cm'-^  sec'!.* 


* It  follows  from  Equation  (2-28)  that  the  fraction  of  light  absorbed  in  a 
path  length,  l(cm)  by  a concentration  n(molecules  cm'!)  is  1 -exp( - • ^nl ) . 
To  the  extent  that  this  term  can  be  approximated  by  oinl,  the  sample  is 
said  to  be  optically  thin.  The  actual  number  of  absorbing  molecules,  n' 
(e.g.,  SxIQ!''  molecules  cm"  ’ for  bovine  rod  outer  segments  - ref.  31) 
need  not  be  included  in  these  calculations  since  it  is  assumed  to  be 
constant  for  the  two  cases  considered  here. 
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The  mini-num  ”''j  . TiDi-^-P’jlse  th’-eshold  for  500  nm  laser  faliation  is 
25  i''W  a*-  the  cornea.  I*'  this  intensity  is  ^ocosed  to  a 25  m radi..,s  'Oot 
at  the  retina,  then  the  retinal  irradiance,  I',  is  qi yen  by: 

j , _ 25xi0~  J sec~  x2. 5xJ0  photons  J*  6 (2-30 

-(25x10- -)-’cT 
2x10  ■ Photons  cm"  sec"' 

where  the  factor  of  0.6  is  the  approximate  transmission  of  the  anterior 
ocular  media  at  this  wavelength^ . Substituting  this  value  together 
with  the  single-photon  absorption  cross-section  into  Equation  (2-29)  gives 
the  rate  of  absorption: 

Rj  = 3.2xl0‘'  n'  photon  sec"'  (2-31) 

The  rate  of  simultaneous  biphotonic  absorption  (R.)  is  proportional 
to  the  square  of  the  '’ight  intensity'-"'^)  and  the  two-photon  absorption 
cross-section.  By  analogy  to  Equation  (2-29), 

R^  = (r)^^o,n'  (2-32) 

where  1'^  is  expressed  in  units  of  photon  cm"’  sec*'  and  the  double  prime 
denotes  the  longer  wavelength,  ■vl 000  nm,  which  is  also  assumed  for  t-.  By 
way  of  comparison,  a for  poly-yclic  aromatic  hydrocarbons  (e.g.,  anthracene, 
tetracene,  etc.)  ranges  from  aoout  lO""'^  to  lO'"^  cm*  sec  photon"'  molecule"'- 
for  ruby  laser  (69'i.3  nm)  exci  tation(34)  _ Thus,  for  the  same  density  of 
absorbers  (n'),  comparison  of  Equation  (2-32)  with  (2-31)  shows  that  to 
achieve  equal  absorption  rates  by  one-  and  two-photon  processes  at  ■^500 
and  1900  nm,  respectively,  the  irradiance  in  tne  latter  case  must  be  on 
the  order  of  10-  ^ photons  cm"'  sec"'  at  the  retina.  Assuming  as  before, 
a retinal  image  radius  of  25  i.m  and  a transmission  (at  1060  nm)  of  0.8 
through  the  anterior  ocular  media(35)^  this  photon  density  at  the  retina 
corresponds  to  a power  of  5 kW  at  the  cornea.  Thus,  it  would  appear  that 
the  minimum  multiple-pulse  threshold,  25  W,  for  Q-switched  1064  nm  laser 
radiation!'^)  is  too  low  a factor  of  about  200  for  two-pnoton  absorption 
processes  to  account  for  the  observed  damage. 

The  value  of  10’^  photon  cm""  sec"'  should  be  regarded  as  an  upper 
limit  since  the  visible  light  intensity  actually  required  to  induce  the 
presumed  photo-trigger  may  be  considerably  less  than  the  value  calculated 
(Eq.  2-30)  using  the  multiple-pulse  damage  threshold.  This,  in  turn,  would 
imply  that  a lower  intensity  of  1064  nm  radiation  would  be  sufficient  to 
induce  the  photo-trigger  via  two-photon  absorption.  Therefore,  until  a 
reasonable  estimate  of  the  photo-trigger  threshold  can  be  obtained,  involve- 
ment of  biphotonic  absorption  in  retinal  damage  induced  by  repetitive  near-IR 
laser  pulses  should  not  be  ruled  out. 

In  summary,  more  retinal  threshold  data  are  required  to  explain  the 
parallel  results  of  retinal  damage  induced  by  514.5  nm  ar d 1064  nm  laser 
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pulsps.  Both  hypotheses  invoked  in  the  latter  case,  viz.,  second-harmonic 
generation  in  the  anterior  ocular  media  and  biphotonic  absorption  in 
rhodopsin,  can  be  verified  readily  by  in  vitro  experiments  using  a Q-switched 
Nd:YAG  or  Nd:glass  laser  on  the  extracted  ocular  components.  Preliminary 
experiments  designed  to  obtain  multiple-pulse  threshold  data  using  a 100  kW 
pulsed  nitronen  laser  (Avco)  with  a dve  laser  attachment  were  unsuccessful 
due  to  insufficiencv  of  the  neak  power  output  of  the  svstem.  Other  experi- 
ments involving  laser-induced  retinal  lesions,  possibly  of  photochemical 
origin!  I are  discussed  in  Chapter  4. 


2-25 


REftRENCES 


1.  Ham,  W.T.,  Jr.,  fl.A.  Mueller  and  D.N.  Sliney,  "Retirial  Sensitivity 
to  Damage  from  Short  Wavelength  Light",  Nature  260:153,  1976. 

2.  Ham,  W.T.,  Jr.,  Presentation  at  Laser  Bioeffects  Meeting,  Bureau  of 
Radiological  Health,  U.S.  food  and  Drug  Administration,  Rockville, 

Md. , 13  July  1976. 

3.  Connol ly,  J.S. , H.W.  Hemstreet,  Jr.  and  D.E.  Egbert,  "Ocular  Hazards 
of  Picosecond  and  Repetitive  Pulse  Lasers.  Volume  II:  Argon-ion 
Laser  (514.5  nm)".  Technology  Incorporated,  Final  Report,  Contract 
F41609-73-C-0016,  USAF  School  of  Aerospace  Medicine,  January  1977. 

4.  Hemstreet,  H.W.,  Jr.,  J.  S.  Connolly  and  D.E.  Egbert,  ibid.. 

Volume  I:  "Nd:YAG  Laser  (1064  nm)",  January  1977. 

5.  Williams,  T.P.,  "Dynamics  of  Opsin,  a Visual  Protein",  Accts.  Chem. 

Res.  8:107,  1975. 

6.  Ostroy,  S.E.,  "Protein  Configuration  Changes  in  the  Photolysis  of 
Cattle  Rhodopsin",  Dissertation,  Case  Institute  of  Technology,  1966. 

7.  Rodiguin,  N.M.  and  E.N.  Rodiguina,  "Consecutive  Chemical  Reactions, 
Mathematical  Analysis  and  Development",  (English  Translation).  D.  van 
Nostrand  and  Co.,  New  York,  1964. 

8.  Robinson,  G.W.,  "Rhodopsin  Cooperati vi ty  in  Visual  Response",  Vision 
Res.  15:35,  1975. 

9.  Welch.  A.J..  C.P.  Cain  and  L.A.  Priebe,  "Investigation  of  Temperature 
Rise  in  the  Fundus  Exposed  to  Laser  Radiation",  the  University  of 
Texas  at  Austin,  Final  Report,  Contract  F41609-73-C-0031 , USAF  School 
of  Aerospace  Medicine,  May  1974. 

10.  Welch,  A.J.  and  L.A.  Priebe,  "Model  of  Thermal  Injury  Based  on  Temper- 
ature Rise  in  the  Fundus  Exposed  to  Laser  Radiation",  The  University 

of  Texas  at  Austin,  Interim  Technical  Report,  Contract  F41609-74-C-0025, 
USAF  School  of  Aerospace  Medicine,  September  1974. 

11.  Welch,  A.J.,  et  al.,  "Limits  of  Applicability  of  Thermal  Inury",  The 
University  of  Texas  at  Austin,  Interim  Technical  Report,  Contract 
F41609-76-C-0005,  USAF  School  of  Aerospace  Medicine,  May  1976. 

12.  Takata,  A.N.,  et  al.,  "Thermal  Model  of  Laser- I nduced  Eye  Damage", 

I IT  Research  Institute,  Final  Report,  Contract  F4I609-74-C00005,  USAF 
School  of  Aerospace  Medicine,  October  1974.  (This  report  contains  a 
comprehensive  survey  of  the  literature  on  thermal  effects  in  biological 
systems  as  well  as  a review  of  earlier  computer  models  of  thermal  injury). 


2-26 


13.  Kliqer.  D.S.  and  E.L’.  Menger,  "Vision:  An  Ov(?rviow",  Accts.  Chem.  F^.ns. 
8:81,  1975. 

14.  Williams,  T.P.,  "Photoreversal  of  Rhodopsin  Bleaching",  J.  Gen.  Physiol. 
^:679,  1964. 

15.  Connolly,  J.S.,  in  "Research  on  the  Ocular  Effects  of  Laser  Radiation", 
Technology  Incorporated,  Twelfth  Interim  Report,  Part  I,  Contract 
F4I609-73-C-001 7,  USAF  School  of  Aerospace  Medicine,  March  1976. 

16.  Connolly,  J.S.,  D.S.  Gorman  and  G.R.  Seely,  "Laser  Flash  Photolysis  of 
Chlorin  and  Porphysin  Systems",  Ann.  N.Y.  Acad.  Sci.  206:649,  1973. 

17.  Wald,  G.,  "Molecular  Basis  of  Visual  Excitation",  Science  162:230,1968. 

18.  Abrahamson,  L.W.,  "Dynamic  Processes  in  Vertebrate  Rod  Visual  Pigments 
and  Their  Membranes",  Accts.  Chem.  Res.  8:101,  1975. 

19.  Kuwabara,  T.  and  R.A.  Gorn,  "Retinal  Damage  by  Visible  Light:  An  Electron 
Microscope  Study",  Arch.  Ophthalmol.  79:69,  1968. 

20.  fJoell,  W.K.,  et  al.,  "Retinal  Damage  by  Light  in  Rats",  Invest.  Ophthalmol 
5:450,  1966. 

21.  Friedman,  L.  and  T.  Kuwabara,  "The  Retinal  Pigment  Epithelium:  IV  - 

The  Damaging  Effects  of  Radiant  Energy",  Arch.  Ophthalmol.  M:265,  1968. 

22.  Mainster,  M.A.,  "Destructive  Light  Adaptation",  Ann.  Ophthalmol.  ^:44, 
1970. 

23.  Mainster,  M.A.,  "Retinal  Transport  and  Regeneration  of  Human  Cone 
Photopigment",  Nature  (New  Biology)  238:223,  1972. 

24.  Abrahamson,  E.W.  and  J.R.  Wiesenfeld,  in  "Handbook  of  Sensory  Physiology", 
H.J.A.  Dartnell,  ed.,  Vol . VII/1,  Chapter  3 (and  references  cited  therein) 
Springer-Verlag,  Berlin,  1972. 

25.  Cone,  R.A.  and  W.H.  Cobbs,  III,  "Rhodopsin  Cycle  in  the  Living  Eye  of 
the  Rat",  Nature  2_2J:820,  1969. 

26.  Dowling,  J.E.  and  R.L.  Sidman,  "Inherited  Retinal  Dystrophy  in  the  Rat", 

J.  Cell.  Biol.  L4:73,  1962. 

27.  Mainster,  M.A.,  T.  J.  White  and  C.  C.  Stevens,  "Mathematical  Analysis 
of  Rhodopsin  Kinetics",  Vision  Res.  JJ_:435,  1971. 

28.  Williams,  T.P.,  "Upper  Limits  to  the  Bleaching  of  Rhodopsin  by  High 
Intensity  Flashes",  Vision  Res.  1^:603,  1974. 

29.  Bonting,  S.J.,  "Current  Topics  in  Bioenergetics",  D.R.  Sanadi , ed., 

Vol.  3,  Academic  Press,  NY,  1969. 


2-27 


30.  Hiigins,  W.A.,  "The  Visual  Process:  Lxcitatory  Mechanisms  in  the  Primary 
Receptor  Cells",  Ann.  Rev.  Biophys.  Bioeng.  1:131,  1972. 

31.  Marcuse,  D.,  "engineering  Quantum  Electrodynamics",  Harcourt,  Brace  and 
World,  New  York,  1970. 

32.  Fine,  S.  and  W.P.  flansen,  "Optical  Second  tiarmonic  Generation  in 
Biological  Systems",  Appl . Opt.  1£:2350,  1971. 

33.  Schachar,  R.A.  and  S.A.  Sol  in,  "The  Microscopic  Pretein  Structiire  of 
the  Lens  with  a Theory  for  Cataract  Formation  as  netermined  by  Raman 
Spectroscopy  in  Intact  Bovine  Lenses",  Invest.  Ophthalmol.  H:380,  1975. 

34.  Birks,  J.B.,  "Photophysics  of  Aromatic  Molecules",  pp.  52-83, 
Wiley-Interscience,  London,  1970. 

35.  Boettner,  E.A.  and  J.R.  Wolter,  "Transmission  of  the  Ocular  Media", 
Invest.  Ophthalmol.  V.llb,  1962. 


2-28 


CHAPTER  3 


lA  yj yp_  XP_L R 1 MEJJT S 

A.  David  Mawrocki , J.  Torry  Yates 
and  Ronald  F.  Lemberger 


A . background 

Of  the  various  sensory  organs  in  man,  the  most  susceptible  to  injury 
by  laser  irradiation  is  the  eye.  The  increasing  use  of  lasers  has 
necessitated  the  implementation  of  safety  standards  based  upon  experimental 
measurements  and,  where  possible,  clinical  data.  As  understanding  of  laser- 
induced  injury  and  dysfunction  has  increased,  these  standards  have  been 
revised  periodically. 

At  the  present  time,  it  appears  that  the  complex  chemistry  which 
underlies  laser-induced  injury  can  be  predicted  reasonably  well  as  classical 
(macroscopic)  heat  diffusion  and  first-order  kinetics.  However,  recent 
results(A2)  indicate  that  the  retinal  effects  of  multiple  laser  pulses  at 
repetition  rates  typical  of  field  applications  are  not  cumulative  in  a way 
that  is  consistent  with  strictly  thermal  processes.  In  addition,  present 
thermal  models  ignore  possible  changes  of  state  such  as  vaporization  in 
which  heat  is  absorbed  incrementally  without  contributing  to  rising  tem- 
perature. Thus,  both  from  first  principles  and  direct  experiment,  thermal 
modeling  cannot  be  expected  to  predict  effects  of  all  possible  laser  para- 
meters, in  particular  of  certain  short,  intense  or  repetitive  pulses. 

Clearly,  experimental  validation  of  thermal  modeling  in  such  applica- 
tions is  necessary  to  establish  limits  of  its  overall  utility  as  well  as  to 
provide  possible  corroborating  evidence  as  to  the  significance  or  predomi- 
nance of  other  mechanisms.  The  advantage  of  such  a iDodel,  once  validated, 
is  its  ability  to  predict  ophthalmoscopic  damane  --  and  by  extension  with 
other  physiological  and  psychophysical  correlates,  visual  dysfunction  -- 
without  the  expense  and  time  of  generating  large  masses  of  experimental  data 
for  each  new  set  of  exposure  parameters. 

Briefly,  thermal  effects  of  visible  laser  irradiation  in  the  retina  may 
be  understood  as  follows:  with  the  exception  of  the  pigment  epithelium  (PE) 

and  choroid,  the  retina  and  underlying  tissue  are  essentially  transparent, 
and  the  PE  and  choroid  may  be  considered  as  a double-layered,  wavelength- 
dependent  heat  sink.  When  a highly  collimated  source  or  a sufficiently  bright, 
diffuse  source  impinges  on  the  eye,  the  PE  and  choroid  can  rapidly  absorb 
and  conduct  heat.  For  laser  pulse  durations  less  than  about  10  sec  and 
greater  than  100  usec,  tiie  associated  temperature  increases  apparently  cause 
rate-dependent  injury  mechanisms  such  as  deactivation  of  enzymes  and  protein 
denaturation( 3)  as  well  as  pathological  signs  such  as  edema,  lysis,  and  at 
suprathreshold  exposures,  massive  disruption  of  cellular  layers. 


F.xppriniental  tonippra ture  nipasurpmpnts  with  probes  yhose  ti[i  diainptprs 
pxcppci  50  mil  have  been  suspected  of  recordirui  arti  facts ' ^ . Metal-vapor 

coated,  quartz  inicrothemocouples  developed  by  Reed(^)  and  modified  by  Cain(7) 
appear  to  be  more  suitable;  tip  diameters  of  10-30  urn  and  time  constants  of 
about  200  iisec  have  been  reported! ^).  Experimental  measurements  with  such 
probes  have  been  conducted  by  Welch,  et  al.!5,8)  and  have  been  compared  with 
thermal  models  oriqinally  devised  by  White,  et  al.(5)  and  Henriques! 10) . 


Research  efforts  under  this  contract  utilized  thermocouple  probes 
developed  by  Reed  and  fain  (cited  above)  in  conjunction  with  an  advanced 
computational  scheme  for  predicting  chorioretinal  spatio-temporal  temperature 
The  recording/control  systems  for  performing  these  measurements 
part,  on  equipment  assembled  by  Crum(12).  The  chief  objective 
was  to  measure  spatial  distributions  and  temporal  histories 
changes  induced  in  the  posterior  portion  of  the  vertebrate 
eye  by  laser  radiation.  The  approach  involved  visually  quided,  surgical 
insertion  of  the  microthermocouple  probes  through  the  sclera  in  the  region 
of  the  posterior  polo. 


profi  les!  1 1 ) . 
were  based,  in 
of  the  project 
of  temperature 


B . METHODS 

B-1.  Apparatus 

The  experimental  apparatus  developed  for  in  vivo  retinal  probe 
measurements  has  been  described  in  detail  elsewhereri2,1'3) . A block  diagram 
of  the  system,  as  oriqinally  confi gured! 1 3) , is  shown  in  figure  3-1.  Major 
modifications  which  were  subsequently  incorporated  into  the  system  are 
discussed  below. 

Briefly,  the  laser  beam  passes  through  converging  optics  to  a pellicle 
driven  by  an  incremental,  hydraulically  driven  beam  deflector  which  directs 
the  beam  into  the  eye.  The  beam  is  gated  and  scanned  across  the  retina  by 
control  logic  and  clock  circuitry.  Analog  signals  representing  the  tempera- 
ture changes  monitored  by  the  microthermocouple  probe  are  amplified  and 
displayed  on  a strip-chart  recorder  or  stored  on  magnetic  tape  for  off-line 
computer  processing. 

A binocular  ophthalmoscope,  originally  utilized  for  retinal  observation, 
was  replaced  by  a Zeiss  fundus  camera.  Although  an  acceptable  image  could 
be  obtained  with  the  ophthalmoscope,  frequent  and  tedious  real  i g'-wient  of 
the  condenser  optics  was  needed  to  rid  the  image  of  corneal  reflections  each 
time  the  eye  was  rotated  slightly.  A split  filament  lamp  and  black  dots  on 
the  ophthalmic  lens  of  the  fundus  camera  served  to  block  corneal  reflections. 

The  fundus  camera  has  sufficient  magnification  to  permit  the  probe  tip 
to  be  seen  when  it  penetrates  the  retina,  and  thus  facilitates  location  of 
the  tip  and  alignment  of  the  probe  with  the  laser  beam  projected  into  the 
eye  at  low  intensity.  Also,  landmarks  referenced  to  the  o^tic  disc  are  more 
easily  identified  through  a fundus  camera. 
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•leasureirents 


The  Kopf  st.oroot,dxic  manipulator  previously  used  to  drive  the  prot-.e^, 
did  not  have  sufficient  mechanical  ricjidity  and  flexibility  for  the  task  at 
hand.  It  was  replaced  by  a llarishige  micromanipulator  consisting  of  three 
translational  stages  which  was  mounted  to  a rigid  vertical  post  attached  to 
a movable  plate  on  the  animal  platform.  By  adjusting  the  position  of  the 
plate  and  the  angle  of  the  manipulator,  a preliminary  alignment  of  the 
manipulator  drive  axis  relative  to  the  posterior  orbit  can  be  achieved, 
fine  adjustment  of  the  translational  stages  permits  precise  probe  adjustment 
in  less  time  then  previously  required  with  the  Kopf  manipulator. 

The  a[iparatus  was  modified  to  allow  a satisfactory  method  of  aligning 
the  animal  eye  with  respect  to  the  pivot  axes  of  the  animal  mount.  Ihis 
method  consisted  of  attaching  a platform  and  pointer  at  the  base  of  the 
animal  mount.  The  tip  of  thi s poi liter  is  positioned  to  intersect  the  hor  i- 
zontal and  vertical  rotational  axes  of  the  animal  mount.  When  an  animal 
was  olaced  on  this  mount  for  in  y_ivo  measurements,  the  ear  pins  and  bite 
t>ar  for  the  animal  head  could  be  adjusted  so  that  the  center  of  the  pupil 
nf  the  right  eye  could  be  aligned  to  within  0.5  mm  of  this  intersection 
point.  This  method  of  centering  greatly  improved  experimental  efficiency 
since  the  fundus  camera  image  tended  to  stay  in  focus  when  the  animal  was 
rotated. 

Raoid  alignment  of  the  fundus  camera  with  the  laser  beam  was  provided 
bv  a pointer  mounted  on  the  camera  such  that  its  tip,  located  at  the  center 
of  the  filament  image,  v/as  directed  upward.  In  turn,  the  pointer  on  the 
animal  TOunt  was  directed  downward.  Bv  bringing  these  pointers  into  coin- 
cidence with  the  laser  beam,  one  could  effect  a fairlv  precise  initial 
alignment.  Fine  adjustment  was  then  accomplished  with  a set  of  orthogonal 
mi rrors . 


Major  modifications  in  the  original  beam  deflector  system  were  based 
upon  ray-tracinci  considerations  and  are  discussed  in  Section  C.  Development 
of  a series  of  calibration  procedures  was  required  in  order  to  assess  the 
accuracy  of  the  beam  steering  device.  After  overhauling  tne  stepping  motor 
to  eliminate  occasional  skipping,  the  hydraulic  drive  system  was  calibrated. 

A measuring  microscope  was  focused  on  a reference  mark  on  the  slave  cylinder 
of  the  device  while  the  drive  cylinder  was  advanced  manually.  After  advancing 
the  latter  by  100  iim,  the  system  was  found  to  have  a +2  pm  error;  i.e.,  the 
counter  showed  100  urn  increments  when  the  actual  movement,  as  viewed  through 
the  microscope,  was,  on  the  average,  102  urn.  Although  this  accuracy  is 
reasonable  for  this  type  of  device,  some  improvement  could  be  obtained  by 
replacing  the  rolling  diaphragms  in  the  master  and  slave  cylinders. 


Evaluation  of  the  pellicle  displacement  system  uncovered  another  source 
of  error.  Small  angular  excursions  produced  positive  errors  (overshoot) 
whereas  larger  movements  undershot  and  produced  negative  errors.  The  net 
effect  was  that  the  two  errors  tended  to  cancel  each  other  when  a large 
excursion  was  executed.  The  largest  error  seen  would  translate  into  a 20  uiii 
displacement  error  on  the  retina  of  a rhesus  monkey.  Errors  of  this  magni- 
tude would  be  unacceptable  in  some  experiments,  especially  when  using  small 
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probes.  The  problem  wds  Traced  to  the  mechanical  linkaqe  t)etween  [x.'llicle 
and  piston,  and  the  required  adjustments  were  made. 

In  order  to  determine  the  locus  of  beam  rotation,  a small  pinhole  was 
positioned  on  a translation  stage  at  various  distances  beyond  the  pellicle. 
By  sweeping  the  beam  to  and  fro,  it  was  [lossible  to  visually  estimate  the 
beam  "cross-over",  i.e.,  the  point  at  which  the  amount  of  light  passing 
through  the  pinhole  was  invariant. 

During  the  course  of  those  measurements,  another  potential  problem  was 
unveiled.  While  scanning  the  beam  of  a helium-neon  alignment  laser,  it  was 
discovered  that  chamjes  in  apparent  brightness  occurred  as  a function  of  the 
incident  angle  of  the  input  beam.  It  was  determined  that  this  was  duo  to 
the  interference  fringe  pattern  resulting  from  the  pellicle  behaving  as  an 
optical  wedge.  The  problem  was  subsequently  circumvented  by  use  of  a small 
front  surface  mirror  in  place  of  the  pellicle. 

A new  differential  amplifier  system  with  high  input  impedance,  low 
noise  and  low  drift,  and  variable  gain  was  fabricated  and  tested.  Also,  a 
proportional  1 V controlled  oven  chamber  was  acquired.  The  thennocouple 
amplifier  was  housed  in  the  temperature  stabilized  chamber  along  with  a 
reference  thermocouple.  This  new  system  provided  the  necessary  gain  to 
permit  I'M  tape  recording  of  signals  as  well  as  providing  increased  noise 
immunity  from  common-mode  rejection  due  to  differential  amplification  pro- 
cedures. The  reference  oven  permitted  greater  amplifier  stability  than  the 
ambient  environaient  and  also  provided  the  capability  of  absolute  (i.e., 
referred  to  core  temperature)  rather  than  relative  temperature  measurements. 


B - 2 . fi_i cj’P t h^rjiio CO upj e_ _Ca_l ib r a tj o n_s 

The  electrical  resistances  of  the  thermal  probes  were  measured 
no  more  than  a day  before  their  use  in  an  animal  experiment,  thus  screeriing 
out  probes  whose  resistances  had  changed  to  unacceptable  values  ( 100  or 
>500;j).  On  the  day  of  an  experiment,  acceptable  probes  wore  calibrated  by 
immersing  the  probe  tip  in  a water  bath  and  varying  the  temperature.  A Yellow 
Springs  Instruments  thermistor  bridge  and  probe  were  used  to  monitor  the 
bath  temperature,  and  the  combined  voltage  response  (in  mV)  of  the  micro- 
thermocouple-preampl  i f ier  system  was  recorded.  The  bath  temperature  was 
gradually  raised  over  a range  from  room  temperature  to  values  exceeding 
45'’C.  This  range  provided  an  acceptable  end  point  for  animal  experiments 
which  theoretically  would  generate  retinal  temperature  changes  less  than 
5°C,  yet  it  was  broad  enough  to  allow  assessment  of  detector  linearity, 
from  preliminary  calibration  data,  it  was  found  that  convection  currents 
produced  by  heating  in  the  com(iarati vel y large  water  bath  could  cause  noise 
and  drifts.  Therefore,  a small  container  filled  with  water  was  placed  around 
the  probe,  and  both  were  immersed  in  the  water  bath. 

In  the  preliminary  calibrations,  temperature  increments  of  less  than 
5'C  were  used  so  that  departures  from  linearity  could  be  detected  readily 
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hy  a liru^ar  least,  squares  fit  of  the  data.  Calibration  data  v/ere  sufficiently 
linear  so  that  only  3-5  calibration  points  were  needed  for  each  probe. 

A system  was  designed  to  allow  simultaneous  ten.jjorature  calibration  of 
up  to  five  microthermocouples.  Ihe  device  consisted  of  a large  diameter, 
shallow  glass  cylinder  into  which  was  inserted  a Incite  plate  containing 
five  glass  cuvettes.  The  large  cylinder  was  fitted  with  inlet  and  outlet 
ports  to  allow  circulation  of  water  aroiind  the  cuvettes  by  means  of  a peri- 
staltic pump.  A calibrated  reference  thermocouple  wus  sealed  into  the  base 
of  each  cuvette.  The  microthermocouples  wore  immersed  in  water  in  the 
cuvettes  and  the  plate  containing  the  cuvettes  set  in  the  warm  water  (45-50°C) 
which  filled  the  large  cylinder.  When  the  cuvette  temperatures  reached 
steady-state,  the  entire  system  was  rapidly  cooled  by  immersion  into  a large 
ice  bath.  Cuvette  temperatures  were  monitored  by  the  reference  thermocouples, 
and  a double-pole,  rotary  stepping  switch  usnd  to  sequentially  sample  the 
thermocouple  and  probe  voltages.  Cuvette  tem[)eratures  declined  at  a rate 
of  n.25-2.0'’C  per  minute,  so  that  calibration  data  could  be  collected  in 
one  hour  or  less. 

Computer  software  to  plot  the  calibration  data  and  to  fit  a least  squares 
straight  line  of  voltage  vs.  temperat"re  was  written  for  the  Hewlett-Packard 
9830  system.  An  example  of  a calibraiion  curve  exhibiting  typical  linearity 
is  shown  in  Figure  3-2.  The  value  of  the  slope  is  a function  of  probe  resis- 
tance, since  this  determines  the  valiie  of  the  input  impedance  which,  in  turn, 
influences  the  effective  gain  of  the  probe  and  preamplifier  as  a unit.  The 
intercept  of  the  curve  represents  a good  approximation  to  the  temperature 
of  the  reference  thermocouple. 


B-3.  Surgical  Techjiiq^ues 

The  subjects  were  preanestheti cal  1 y atropinized  and  tranquil! zed 
with  ketamine  hydrochloride.  Sodium  pentobarbital  was  administered  through 
an  indwelling  catheter  in  a saphenous  vein.  Throughout  the  surgery  and 
subsequent  experimentation,  surgical  levels  of  anesthesia  were  maintained 
by  continuous  infusion  of  pentobarbital  (7  mg/Kg/hr). 

After  a midline  incision  was  made  and  a temporal  flap  of  scalp  was 
removed,  the  temporal  muscle  was  incised  at  its  insertion.  The  muscle  was 
reflected  and  heniisected  in  the  rostral -cauda 1 plane  and  temporal  bone  was 
rerwved  to  aid  in  visualization  of  the  temporal -zygomatic  foramen.  The 
extrinsic  eye  muscles  (except  for  the  superior  oblique)  were  excised  as 
were  the  attendant  fat  pad  and  lacrimal  tissue.  After  the  lids  were  removed, 
a scleral  ring  v;as  sutured  in  place  at  the  limbus  and  a corneal  contact  lens 
inserted.  Keratometry  prior  to  experimentation  ensured  a proper  fit  of  the 
lens,  examination  of  the  fundus  before  and  after  suturing  and  lens  insertion 
assured  minimal  distortion  of  the  globe. 

Following  removal  of  orbital  fascia  and  connective  tissue,  the 
sclera  was  visualized  at  the  posterior  pole.  A hand-held  ophthalmoscope 
directed  at  the  fovea  gave  enough  trans-scleral  illumination  so  that  a 
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FIGURE  3-2.  Static  Themocouple  Calibration. 
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reference  point  could  be  located  when  an  assistant  viev/ed  the  posterior 
wall  of  the  eye  through  an  operatinq  microscope.  Alternatively,  this 
reference  point  can  be  defined  by  the  actual  laser  spot  on  the  macula 
as  viewed  through  a fundus  camera.  In  either  case,  a small  scleral 
incision  was  made  at  this  point  to  facilitate  [)enetration  of  the  probe. 

In  snvall  animals,  considerable  difficulty  was  encountered  when  an  attempt 
was  made  to  rotate  the  eye  so  that  the  macular  region  was  positioned  in 
the  surgical  field,  fxtreme  rotation  resulted  and  considerable  diffi- 
culty in  using  the  fundus  camera  was  encountered. 

An  alternative  approach,  one  in  which  less  rotation  of  tlie  globe 
is  required,  coild  also  be  accomplished.  Removal  of  a seument  of  temporal 
bone  and  the  underlying  fronto-temporal  cerebral  cortex  by  sut'-pial 
aspiration  would  provide  a larger  operating  field.  If  done  carefully,  this 
procedure  is  relatively  atraumatic.  Control  of  bleeding  from  dural  and 
surface  vessels  can  be  easily  accomplished  by  conventional  means  (cold 
saline  lavage,  gelatin  foam  packing,  etc.).  The  greater  ease  of  scleral 
fenestration  for  probe  insertion  and  the  reduced  ocular  rotation  required 
make  this  procedure  desirable. 


B-4.  t xj^erjmeji t a 1 Procedut^e^ 

Details  of  the  experimental  procedures  used  in  obtaininu  ’ne 
results  presented  in  Section  I)  are  given  below.  The  procedures  were 
continuously  adjusted  and  updated  as  modifications  were  made  in  th('  apparatus 
and  surgical  techniques.  The  details  reported  here  are  representati ve 
of  experiments  condui,ted  toward  the  end  of  the  contract  period. 

The  incident  source  was  the  647.1  nm  line  of  a >pectra-Pt‘,'sics 
Model  164  krypton  ioti  laser.  The  beam  was  attenuated  witli  a fixed  neutral 
density  filter  near  the  laser  output  mirror  and  laser  powers  were  varied 
by  adjusting  the  tube  current.  Output  was  measured  usinc)  a calibr'ated 
Scientech  3600  power  meter.  Readings  were  taken  at  the  corneal  plane 
before  and  after  each  experiment  and  the  values  compared  with  readings 
taken  midway  in  the  optical  path  before,  during  and  after  the  run. 

Beam  scans  were  taken  at  appropriate  distances  on  either  side  of 
the  corneal  plane  to  determine  beam  divergence,  quality  and  stability  , . 

of  alignment,  and  the  cross-over  point  of  the  micrometer-driven  deflector^  '•' 

In  order  to  maintain  a Maxwellian  view  of  tire  fundus,  it  is  necessar'y  that 

the  focal  point  of  the  beam-expanding  optics  coincide  with  the  deflector 
cross-over  point.  In  order  to  view  the  fundus,  both  must  be  within  45  ntm 
of  the  fundus  camera  objective.  Because  of  geometric  constraints  imposed 
by  the  size  of  the  deflection  system  components,  the  closest  achievable 
distance  between  the  deflection  mirror  and  the  fundus  camera  objective  is 

-'■20  mm.  In  practice  cross-over  points  of  mig  and  25  mm  were  used.  Although 

the  former  did  not  provide  an  optimum  view  of  the  fundus,  it  offered  other- 
advantages  which  relieved  some  of  the  rigid  constraints  imposed  by  the 
overall  geometry  of  the  system. 
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The  low  reflectivity  ()e11ic1r  used  in  the  (irevious  experiments^'^) 
as  well  as  in  the  original  design^'?)  was  replaced  with  a pellicle  which 
had  been  vapor  deposited  with  a thin  film  of  aluminum.  However,  the  laser 
intensity  at  the  near- focused  spot  on  the  mirrored  surface  induced  per- 
manent depressions  in  tiie  film  which  gave  rise  to  interference  patterns  in 
the  projected  beam.  Therefore,  the  pellicle  was  replaced  by  a -'■2  nri  x 2 niri 
chip  of  a first-surface  mirror  cemented  to  a small  pedestal  madtined  to  fit 
the  pellicle  holder.  The  dimensions  of  the  pedestal  were  such  that  it  was 
possible  to  obtain  a relatively  unobstructed  view  of  the  laser  spot  on  the 
fundus  when  the  fundus  camera,  deflector  and  subject  eye  were  properly 
al igned. 

Signal  capture  was  accomplished  with  a strip  chart  recorder  (Clevite- 
Briish)  with  either  two  or  six  channels.  In  the  former  instance,  one  channel 
was  used  to  record  the  delivered  light  pulses  as  detected  with  a beamspl i tter- 
photodiode  arrangement  and  the  other,  to  record  the  output  of  the  intra-ocular 
probe.  When  a six  channel  recorder  was  used,  two  channels  were  used  to  record 
each  signal,  usually  at  different  amplifications  to  preclude  loss  of  data  due 
to  the  trace  going  off  scale.  The  laser  output  channel  was  calibrated 
against  powers  measured  at  the  corneal  plane. 

Retinal  beam  sizes  were  estimated  by  visual  inspection  through  the 
fundus  camera  prior  to  surgical  rotation  of  the  eye.  The  retinal  image 
diameter  (1/e^)  was  also  calculated  using  a ray-trace  software  package 
written  for  the  Hewlett-Packard  9830A  calculator  (see  Section  C).  for  the 
experiments  discussed  in  Section  D,  the  full -angle  beam  divergence  was 
19.2  mrad  which  yielded  a calculated  retinal  image  diameter  (1/e^)  of  250  urn. 
The  effects  of  beam  deflector  displacement  are  included  in  the  computer 
program.  For  the  conditions  employed  in  these  experiments,  a linear  dis- 
placement of  the  micrometer  drive  by  ''-500  um  resulted  in  a calculated  beam 
displacement  at  the  retina  of  '169  um.  It  should  be  noted  that  the  physio- 
logical optics  parameters  employed  in  these  calculations  were  taken  from  a 
"model  eye"'''^)  and  not  from  measurements  (e.g.,  ul trasonography ) made  on 
each  experimental  eye.  However,  the  experimental  retinal  scans  are  consistent 
with  the  calculations. 

The  microthermocouple  used  was  supplied  by  A.J.  Welch  (University  of 
Texas  at  Austin)  and  was  quite  similar  to  those  used  in  experiments  conducted 
in  his  laboratory^'’’^) . The  tip  diameter  was  'v.lO  um.  A linear  least  squares 
analysi''  of  the  temperature  calibration  data  gave  a slope  of  0.0452‘^C/mV  and 
intercept  of  37.7'^C  at  a reference  temperature  of  37.9°C. 

Laser  powers  (at  the  cornea)  were  34-35  mW  for  retinal  scans  arid  wore 
varied  from  -H  to  28  mW  for  subsequent  measurements  of  peak  temperature 
increases  for  pulsewidths  ranging  from  50  msec  to  10  sec.  The  laser  beam 
was  gated  by  a synchronous  signal  from  the  timing  clock  to  an  electromechanical 
shutter  (On  rbrand)  with  a shutter  speed  (both  opening  and  closing)  of  ''-2msec. 
For  retinal  scan  runs  the  laser  pulsewidths  were  100  msec  and  the  pulse 
repetition  rate  was  fixed  at  0.1  Hz.  The  micrometer  drive  was  incremented 
at  a rate  of  I um/sec  and.  thus,  a laser  pulse  was  delivered  to  the  retina 
every  10  uni  of  linear  drive,  which  corresponded  to  'v3.4  um  translational 
increments  across  the  retina. 
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Thp  lasor  spot  on  the  macula  could  be  viewed  fairly  well  by  traMsIatirv) 
the  animal  toward  the  fundus  camera  (?-axis);  the  probe  was  then  inserted  at 
the  reference  point  defined  on  the  sclera  by  the  transmitted  laser  beam. 
Subsequent  microscopic  examination  of  this  eye  showed  that  the  probe  had 
indeed  been  inserted  in  the  macula  and  that  the  trauma  was  relatively  minor. 

followinq  probe  insertion,  the  subject  was  moved  back  alonrj  the  z-axis 
so  that  the  focal  and  cross-over  points  of  the  optical  system  were  coincident 
near  the  front  nodal  plane  of  the  eye.  The  laser  beam  was  manually  deflected 
across  the  probe  insertion  site  and  minor  adjustments  were  made  in  the  posi- 
tion of  the  subject  (angle,  elevation  and  z-axis)  until  the  thermocouple 
output  was  maximized.  Subsequent  scans  revealed  that  a Maxwellian  view  had 
apparently  been  achieved. 

Several  hundred  im  of  probe  insertion  were  required  before  a thermal 
response  could  be  detected  from  100  msec  pulses  at  laser  powers  set  somewhat 
below  calculatedHl ) retinal  damage  thresholds  (viz.,  '^l  mW).  full  insertion 
(i.e.,  through  the  pigment  epithelium  to  the  point  of  radiometric  response) 
was  avoided  since  one  cannot  be  assured  that  laser-induced  temperature 
increases  measured  within  the  Pf  after  it  has  been  damaged  by  the  probe  are 
necessarily  representative  of  actual  temperatures  experienced  in  the  rhesus 
eye  under  non-invasive  conditions.  Thus,  the  actual  depth  of  the  probe  in 
the  PE  was  unknown.  Temperature  scans  of  the  retina  were  obtained  at  a 
depth  of  -'600  pm  anterior  to  the  point  of  initial  scleral  contact.  However, 
the  major  uncertainty  remains  the  angle  of  probe  insertion,  so  that  estimates 
of  retinal  depth  along  the  probe  axis  do  not  yield  particularly  meaningful 
estimates  of  probe  depth  in  the  PE. 


C.  KAY-TRACING  APPLICATIONS  AND  BEAM  DEFLECTOR  DESIGN 


Computer  simulation  of  the  combined  optical  performance  of  the  monkey 
eye  and  beam  deflector  system,  using  two  dimensional  ray-tracing  in  the 
horizontal  meridian,  was  employed  to  effect  a rapid  analysis  of  various 
possible  beam  deflector  modifications  designed  to  correct  a sampling  error 
inherent  in  the  original  system(12)^  and  to  estimate  performance  of  the 
possible  modi fications  with  respect  to  translational  invariance  of  the 
scanned  distribution.  Specific  results  are  discussed  in  more  detail 
following  a brief  description  of  the  ray-tracing  program. 


C - 1 . De s_cj i p t i on  of  Computer  Software 

Briefly,  the  ray-tracing  software  applies  Snell's  law  to  an 
arbitrary  number  of  refracting  surfaces  intersected  by  rays  which  are 
projected  from  an  idealized  virtual  or  real  point  source,  either  inside 
or  outside  of  the  eye.  In  the  first  case,  light  is  focused  into  the  eye; 
in  the  second,  it  is  diverging  toward  the  eye  from  a virtual  image  point 
in  front  of  the  eye.  In  both  cases,  a reflecting  beam  deflector  is 
inserted  along  the  axis  of  the  laser  beam  to  simulate  the  operating 
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conditions  of  thn  honm  dofloctor  sysfom  (henco,  the  virtual  image  in  the 
second  case).  The  input  rays  are  assumed  to  have  a Gaussian  spatial 
distribution.  After  each  ray  passes  through  the  optical  system,  it  is 
intersected  with  an  observation  plane  or  an  assumed  sfiherical  surface 
which  simulates  the  retina,  using  values  of  the  physiological  optics 
parameters  obtained  by  GallagherU^)  for  the  "average"  rhesus  eye. 

A number  of  ofitions  exist:  one  can  vary  (a)  the  (odd)  number  of  rays, 

depending  upon  the  amount  of  detail  needed;  (b)  laser  convergence  or  diver- 
gence angle  and  corneal  spot  size;  (c)  linear  movement  of  the  pellicle 
drive;  (d)  the  horizontal  distance  between  center  position  of  the  pellicle 
and  the  front  of  the  eye;  (e)  horizontal  tilt  angle  between  the  axis  defined 
by  the  above  two  points  and  the  optical  axis  of  the  eye.  Also,  since  the 
assumed  surfaces  are  arbitrary,  a tear  layer  or  a contact  lens  plus  a layer 
of  methyl  cellulose  can  be  added  between  the  pellicle  and  cornea. 

Scattering  and  diffraction  are  necessarily  ignored.  Fresnel  reflection 
and  transmission  coefficients,  although  desirable,  are  not  needed;  likewise, 
intensity  is  not  calculated  at  observation  points,  although  it  can  readily 
be  reconstructed  graphically  from  the  computer  output.  The  output  consists 
of  ray  plots,  which  have  been  particularly  useful  in  analyzing  and  sorting 
through  predicted  performances  of  a large  number  of  trial  designs,  and  of 
printed  output,  which  has  been  used  chiefly  to  analyze  the  translational 
invariance  of  the  deflected  beam.  Typically  three  plots  and  printouts  are 
obtained  in  each  simulation,  one  set  for  the  center  position  of  the  pellicle, 
the  other  two  for  the  extreme  positions  of  the  pellicle. 


C-2 . Beam^  Def  1 e^to_r_  Design 

Initially,  the  optical  responses  of  the  system  devised  by  Crum(^2)^ 
using  an  extended  laser  source,  were  ray-traced.  Results  indicated  that  a 
significant  non-linearity  in  the  retinal  scans  would  occur.  This  situation 
was  not  improved  significantly  when  the  eye-to-pellicle  distance  was  opti- 
mized by  moving  the  eye  '’4  mm  closer  to  the  pellicle,  tience,  it  was  clear 
that  design  of  a different  contact  lens  was  needed,  or  incor[)oration  of 
additional  external  optics,  or  a combination  of  the  two.  The  only  other 
choice  was  to  re-design  the  entire  beam  deflector  head  or  to  adopt  the 
simpler  but  more  cumbersome  technique  of  rotating  the  animal w, 8) _ 

The  non-linearity  in  the  retinal  scan  was  due  chiefly  to  angular 
dependence  in  the  corneal  refractive  power.  Thus,  optical  responses  to 
contact  lens  configurations,  having  larger  than  normal  front  surface  radii 
of  curvature,  were  simulated  in  an  attempt  to  by-pass  the  cornea.  Although 
the  scan  linearity  improved,  it  was  clear  that  the  corneal  spot  size  would 
have  to  be  reduced  considerably,  which  would  involve  considerable  investment 
in  a micro-reducing  collimator. 

Therefore,  a differet)t  approach  was  utilized.  By  letting  the  eye  focus 
the  beam  toward  an  idealized  point  far  enough  behind  the  eye,  the  intersection 
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of  tho  converginq  beam  with  the  retina  could  be  configured,  by  proper  choice 
of  an  external  lens,  so  as  to  produce  a retinal  spot  size  of  roughly  several 
hundred  um  at  the  1/e^  points.  Thus,  in  effect,  the  light  source  would  be 
placed  at  an  idealized  point  somev/here  between  the  near-point  for  vision  and 
the  front  surface  of  the  unaccomodated  eye.  A preliminary  calculation 
indicated  that  a good  place  to  accomplish  this  would  be  "100  mm  in  front  of 
the  eye.  Subsecjuent  ray-traced  simulation  of  this  system  ir.dicated  that 
fairly  good  retinal  scan  linearity  could  be  obtained  in  this  fashion, 
provided  that  the  tolerance  in  the  eye-to-pel 1 i cle  distance  could  be  held 
to  ‘1  mm.  This  system  had  the  advantage  that  a special  corneal  contact  lens 
was  not  necessary;  thus,  it  appeared  that  the  closer  the  source  was  to  the 
eye,  the  less  significant  the  influence  of  corneal  and  other  aberrations. 

Hence,  borrowing  from  the  principle  of  a Maxwellian  view,  ray-tracing 
software  was  extended  to  simulate  optical  responses  to  light  focused  to  an 
arbitrary  point  within  an  eye  fitted  with  a neutral  power  contact  lens. 

With  the  beam  deflector  in  its  center  position,  the  best  position  for  this 
point  was  roughly  mid-way  between  the  first  unit  plane  and  second  nodal 
plane.  In  spite  of  the  fact  that  when  the  pellicle  was  translated  to  one 
of  its  extreme  positions  --  causing  this  focal  point  to  migrate  anywhere 
from  nearly  outside  of  the  eye  to  the  back  surface  of  the  crystalline  lens 
--  the  retinal  scan  linearity  was  surprisingly  good.  In  fact,  although 
simulated  spatial  profiles  of  beams  at  the  retina  changed  somewhat  when  the 
center  position  of  this  focal  point  was  shifted  from  its  optimum  by  amounts 
up  to  ''-2  mm  along  the  deflector  optical  axis,  the  beam  profiles  at  the 
center  and  two  pellicle  extremes,  were  in  good  agreement.  Thus,  this 
particular  design  was  incorporated  into  the  experimental  system. 

Sample  ray  plots  under  conditions  of  such  optimal  alignment  are  shown 
in  Figure  3-3.  Figure  3-4  is  a schematic  drawing  of  the  experimental  setup 
showing  optimal  alignment  of  the  eye  and  the  pellicle  in  its  center  position. 
In  practice,  the  eye  was  rotated  nasally  so  that  the  visual  axis  coincided 
with  the  beam  axis  and  the  beam  came  to  a focus  within  2 mm  of  the  front 
nodal  plane  of  the  eye. 


D.  RESULTS 

Figure  3-5  shows  typical  results  of  the  reproducible  scans  of  laser- 
indiiced  retinal  temperature  increases  obtained  in  one  experiment.  Three 
sequential  runs  were  carried  out  under  the  conditions  indicated.  The 
average  retinal  irradiance  in  this  experiment  can  be  estimated  from  the 
corneal  power,  ocular  transmission  at  this  wavelength  and  calculated  retinal 
image  diameter  (250  um).  Assuming  that  95T  of  the  intensity  is  within  the 
1/e'  intensity  limits,  the  retinal  itradiance  is  estimated  to  be  "61  W/cm’. 
If,  instead  of  the  calculated  image  diameter,  the  1/e^  limits  of  the 
temperature  scan  (^180  um  diameter.  Figure  3-5)  are  used,  the  average 
retinal  irradiance  is  '>•118  W/cm^.  I he  measured  peak  temperature  increase 
was  '19'^C.  This  may  be  compared  with  the  results  of  Welch,  et  al.^'^1, 
who  measured  a peak  temperature  increase  of  19.8°C  for  29  mW  (cornea). 
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figure;  3-3.  PredictPcl  Responses  to  Beam  Deflector  in  Average  Eye.  At  left: 
ray  tracing  in  hot'izontal  plane  of  average  monkey  eye(l'l),  showing  successive 
displacements  of  focus  and  sagittal  ()rofile  of  beam  entering  eye  through 
neutral  power  contact  lens  and  250  urn  layer  of  2.5"  metFiyl  cellulose  at  left, 
passing  through  anterior  chamber,  crystalline  lens,  and  vitreous  human,  and 
endiruj  at  an  assumed  sfiFieri  cal  ly  ciirved  retina.  TFie  upper  profile  is  predic- 
ted when  the  pellicle  is  at  its  center  position;  the  low(>r  profile  when  the 
pellicle  is  at  an  extreme  (tosition,  -0.5  mm  parallel  to  the  axis  of  the 
incident  laser  beam.  The  finite  thickness  of  cornea  and  refractive  lamina- 
tions of  the  crystalline  lens  are  i(]nored  in  this  eye  model.  At  right:  Unit- 
normalized  distributions  for  resfiective  t)eam  profiles  at  left. 


10  msec  [)ulso  of  514.5  nm  laser  radiation  incident  on  a rhesus  macula  with 
an  image  of  comparable  dimensions  (180  uin  1/e'  diameter)  using  a micro- 
thermocouple probe  of  comparable  size  (26  umi  diameter).  Unfortunately  the 
probe  depth  was  not  specified  in  reference  15.  At  any  rate,  the  average 
retinal  irradiance  for  their  conditions  can  be  estimated  as  '94  W/cm^ 
which  is  in  quite  good  agreement  with  the  results  quoted  above.  The 
agreement  is  even  better  if  one  adjusts  the  two  irradiances  for  absorption 
of  the  two  v/avelengths(1l ) in  an  assumed  depth  of  5 um  in  the  PE.  Considering 
that  the  temperature  increase  had  not  reached  equilibrium  in  either  case 
(see  Figure  3-6),  this  agreement  is  perhaps  fortuitous. 

Retinal  temperature  increases  were  measured  as  a function  of  laser 
power  for  a range  of  *'ixed  exposure  times  ( pul sewidths ) . The  subject  eye 
and  beam  were  aligned  for  maximum  prcbe  response  and  peak  temperatures  were 
recorded  for  the  pulsewidths  and  laser  powers  listed  in  Table  3-1.  The  data 
are  displayed  in  Figure  3-7.  Unfortunately,  tlie  beam  asymmetry  precluded  a 
meaningful  estimate  of  average  retinal  irradiance  and,  as  before,  the  depth 
of  the  probe  tip  in  the  PE  was  unknown. 

Additional  experiments  were  carried  out  using  optical  rather  than 
microthermocouple  probes.  The  optical  probes  consisted  of  2 nm  quartz 
rods  drawn  to  fine  tips.  The  experimental  setup  was  similar  to  that  used 
in  the  experiments  described  above  but  the  laser  source  was  a Spectra 
Physics  125  helium-neon  laser  with  a maximum  output  of  '’-50  mW  at  632.8  nm. 
Highly  reproducible  and  symmetric  scans  were  obtained  as  can  be  seen  in 
Figure  3-8.  The  1/e^  retinal  image  diameter  in  this  case  was  '-120  uni. 

Although  not  comfiletely  successful,  the  in  vivo  thermal  and  optical 
measurements  of  the  rhesus  eye  have  yielded  valuable  results.  Peak  tempera- 
ture increases  were  comparable  to  those  obtained  by  Welch,  et  al.^^)  using 
similar  retinal  beam  images  and  probe  diameters  but  different  wavelengths. 

The  efforts  discussed  in  this  chapter  have  led  to  improved  surgical  proce- 
dures, a sophisticated  beam  deflector  design  and  other  modifications  in  the 
experimental  apiiaratus  required  to  carry  out  successful  in  vivo  retinal 
probe  experiments. 
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TAliLt  3-1. 


I’LAK  RlllNAI.  Tf  MI'LRAriJRflS  INDUCLD  BY  VARIOUS 
LAStR  PULSLWIDIHS  AND  CORNtAL  ROWtRS  'f’) 
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(<i)  Subject  461C,  OD.  Depth  of  probe  in  f'L  unknov/n,  wavelength  = 64/.  I nm. 

(b)  Peak  temperature  increases  in  ^C.  All  temperatures  are  mean  and  mean 

I deviation  of  three  successive  measurements  unless  otherwise  specified. 

I 

(c)  Mean  of  two  successive  measurements. 
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riGLIRr  3-8.  Rf'in-psontd t i VP  in  vivo  Opt.icnl  Sc.in  D.ita  of  Rhf'siis 
Rptina.  Thrpp  succpssivp  boam  '^cans  in  ( hronol  oqical  ordpr  obtainod 
by  imf)lant.  iru|  a (|iiarf;r  optical  orobp  within  the  distal  retina  (Subject 
31?C).  Middle  scan  was  obtained  in  reverse  direction  of  top  and 
bottom  scans.  Ihe  probe  tip  was  100  nm  diameter.  Chart  siieed,  25  mm/niin; 
shutter  duration,  0.3  sec;  hydraulic  driver  scannimj  increment  and 
freciuency,  10  uni  and  2 ll^  respectively. 
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CHAPTER  4 


a™  on  RU  i nal  lip  i ds 

Cliffe  D.  Joel*  and  William  H.  Bowie 


A . Ij  IIROD^CJ  ION 

With  the  continued  widespread  qrowth  in  the  use  of  lasers,  it  is 
becoming  increasingly  important  to  understand  the  mechanisms  of  the  damaging 
effects  of  laser  radiation  on  ocular  tissues  as  well  as  threshold  levels 
for  damage.  It  is  now  well  establ ished  that  lasers  can  produce  readily 
observable  lesions  in  the  primate  cornea,  lens  and  retina,  but  very  little 
is  known  about  the  specific  biochemical  mechanisms  underlying  ocular  lesions 
produced  by  laser  radiation  at  various  wavelengths^ ' ) . Recent  evi dencel 
strongly  suggests  that  ocular  damage  produced  by  near-ultraviolet,  repetitive 
visible  pulses  or  short  visible  wavelengths  occur  via  photo  hemical  rather 
than  strictly  thermal  mechanisms.  Also,  it  has  recently  been  shown^^)  that 
the  primate  cornea  is  more  sensitive  to  laser-induced  photochemical  damage 
in  vivo  when  it  is  bathed  in  an  atmosphere  of  pure  oxygen  rather  than  air 
and  is  in  turn  more  sensitive  in  air  than  in  pure  nitrogen.  This  suggests 
the  possibility  that  at  least  part  of  the  damage  may  involve  free-radical 
oxidative  damage  to  tissue  components,  in  particular  the  highly  unsaturated 
fatty  acids. 

fatty  acids  are  long  hydrocarbon  chains  bonded  via  the  carboxyl  group 
at  one  end  of  a lipid  molecule.  Cell  membranes  are  composed  primarily  of 
lipid  and  protein  molecules  in  approximately  equal  proportions.  The  lipids 
occur  as  bimolecular  layers  with  the  hydrocarbon  portions  of  the  fatty  acids 
buried  in  the  middle  and  the  polar  ends  of  the  lipids  pointing  outward, 
toward  the  aqueous  phase.  The  proteins  are  sometimes  on  the  surface  of  the 
lipid  bilayer  and  in  other  cases  embedded  partially  or  fully  within  the 
lipid  bilayer. 

The  fatty  acids  of  animal  lipids  usually  have  an  unbranched  chain  from 
16  to  22  carbon  atoms  long.  They  have  from  0 to  6 double  bonds,  and  these 
double  bonds  are  situated  at  every  third  carbon.  If  a fatty  acid  has  one 
or  more  double  bonds,  it  is  referred  to  as  "unsaturated".  The  complete 
structure  of  a given  fatty  acid  can  be  specified  by  a simple  abbreviation; 
for  example,  ??;6.i3  represents  a fatty  acid  with  a chain  of  22  carbon  atoms 
containing  6 double  bonds  beginning  on  the  third  carbon  from  the  methyl 
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(nonpolar)  end.  The  six  most  common  fatty  acids  in  ocular  tissues  and  in 
many  other  animal  tissues  are  16:0,  18:0,  18:lw9,  18:2(i)6,  20:4o6  and 
22:6, o3. 

It  is  known  that  molecular  oxyqen  can  attack  the  double  bond  system 
of  unsaturated  fatty  acids  by  a free-radical  mechanism! 7)  and  that  the 
rate  of  this  so-called  "autoxidation"  increases  markedly  with  the  degree 
of  unsaturation  of  the  fatty  acid.  The  most  highly  unsaturated  fatty  acid 
found  in  nature  is  the  22:6, „3  whicti  is  so  predominant  in  the  retina'^'^). 

It  therefore  seems  reasonable  to  investigate  the  possibility  that  laser 
induced  photochemical  damage  in  the  retina  might  be  mediated,  at  least  in 
part,  by  the  autoxidative  destruction  of  the  highly  unsaturated  fatty  acids 
of  the  tissue  lipids. 

Daemen(*5)  has  pointed  out  that  there  must  be  a high  in  vivo  oxygen 
tension  in  the  retinal  rod  outer  segments  and  suggested  that  normal  renewal 
of  the  rod  outer  segment  discs  may  be  necessitated  by  the  gradual  irreversible 
autoxidative  destruction  of  their  highly  unsaturated  fatty  acids.  Young(5) 
has  observed  that  the  outer  segment  renewal  rate  is  elevated  in  both  frog 
and  rat  when  the  intensity  of  retinal  illumination  is  increased.  It  is 
also  noteworthy  that  the  concentration  of  vitamin  E ( i-tocopherol } , which 
acts  as  an  antioxidant  and  thus  partially  protects  polyunsaturated  fatty 
acids  from  autoxidation  in  vivo,  is  unusually  high  in  retinal  rod  outer 
segments (^).  Vitamin  E is  destroyed  when  it  acts  as  the  termination  of  a 
free-radical  chain  reaction,  and  as  soon  as  it  is  totally  depleted  the 
rate  of  autoxidative  destruction  of  fatty  acid  rises  sharply!^),  it 
seems  possible  that  in  laser-induced  photochemical  damage,  the  threshold 
level  may  represent  the  amount  of  radiant  energy  required  to  deplete  the 
tissue  of  vitamin  E and  consequently  render  the  highly  unsaturated  fatty 
acids  much  more  susceptible  to  autoxidative  destruction. 

In  addition  to  oxidation  of  unsaturated  li[)ids  by  molecular  oxyqen  in 
its  ground  electronic  state,  it  is  also  possible  that  photochemical  mechanisms 
of  ocular  damage  may  involve  photosensitized  formation  of  the  much  more 
reactive  singlet  ( ^Aq)  molecular  oxygen' 1 ) . The  energy  level  of  this 
state  lies  at  7882  cm"*  above  the  ground  triplet  state  and  is  particularly 
reactive  with  respect  to  oxidation  of  carbon-carbon  double  bonds,  e.g.,  in 
carotenoids^  ^ 2) , cholesterol ' ^ and  vitamin  E'^'^).  Thus,  tiiis  reactive 
oxygen  species,  if  formed  in  sufficiently  high  concentrations  in  the  vicinity 
of  the  ROS  lipids,  could  react  with  the  highly  unsaturated  fatty  acids, 
flowever,  it  should  be  noted  that  long-term  exposure  to  low  levels  of  laser 
radiation  in  the  blue  region  of  the  spectrum  (442-488  nm)  affects  para- 
macular tissue  more  strongly  than  the  macula(5,15) . |lam(15)  has  attributed 

this  effect  to  protection  of  the  macula  by  xanthopfiyll  which  absorbs  strongly 
in  this  wavelength  region.  Tlie  results  presented  below  su()port  this 
hypothesi s . 
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D - 1 . L a s e>’_  Dxpo s^u res 

The  left  eyes  of  three  rhesus  monkeys  (Macaca  mulatta)  were 
irradiated  with  the  465.8  nni  line  of  a Spectra  Physics  170  argon-ion 
laser.  The  right  eyes  of  these  animals  had  been  enucleated  previously 
for  other  experiments.  The  optical  arrangement  was  quite  similar  to  that 
used  to  induce  large  retinal  lesions  of  pre-determined  diameter  (Chapter 
1).  In  order  to  ensure  exposure  of  a sufficiently  large  retinal  area  for 
excision  and  lipid  extraction,  five  overlapping  sites  were  exposed  as 
depicted  in  Figure  4-1.  The  calculated  retinal  image  diameter  was  920  um 
between  the  1/e^  intensity  limits.  This  criterion  was  employed  in  order 
to  achieve  consistency  with  the  results  of  Ham,  et  al.'^’'^).  Visual 
estimates  of  the  beam  diameter  (700-800  iim)  were  obtained  by  viewing 
the  laser  image  on  the  fundus  of  a control  animal  through  a semi-transparent 
beamsplitter  attached  to  a fundus  camera  equipped  with  a calibrated 
reti cl e( 1 7) . 

Similar  sets  of  exposiires  were  made  on  the  retinae  of  four  control 
eyes  as  well  as  on  the  three  experimental  eyes,  as  outlined  in  Table  4-1. 

The  lowest  corneal  power  employed  (''9.4  mW),  was  chosen  to  ensure  that 
each  exposure  site  would  receive  no  less  than  a threshold  energy  dose^^) 
for  a non-thermal  lesion. 

In  the  case  of  the  control  eyes,  lesions  similar  to  those  observed 
by  Ham,  et  al.(^’^^^)  were  observed  at  every  paramacular  site  at  ^v24  hours 
post-exposure,  but  not  at  one  hour,  indicating  that  these  lesions  were 
induced  by  photochemical  rather  than  strictly  thermal  processes(25) . Jt 
was  also  found,  again  in  agreement  with  Ham,  et  al.,  that  the  macular  sites 
were  markedly  lower  in  sensitivity  to  these  exposure  conditions.  With  one 
exception,  the  maculae  of  these  control  animals  showed  no  clear  evidence 
of  damage.  The  single  exception  was  observed  in  animal  666C  (OS)  in  which 
the  macula  showed  a "bleached",  brightly  reflecting  area  which  was  first 
observable  within  a few  seconds  after  exposure  and  which  reached  maximum 
development  at  '-20  min  post-exposure.  This  lesion  gave  the  appearance  of 
being  somewhat  elevated  from  the  macula.  Curiously,  the  lesion  appeared 
as  a barely  detectable  darkened  region  at  one  hour  post-exposure,  but  the 
following  day  again  showed  a bleached  appearance.  Polaroid  photographs  of 
the  control  eyes  were  taken  at  periodic  intervals  following  the  laser 
exposures.  Examples  are  shown  in  Figure  4-2. 

The  eyes  of  the  three  experimental  animals  were  enucleated  at  <1  hour 
post-exposure  and  treated  as  discussed  below.  As  in  the  case  of  the  control 
exposures,  no  clear  evidence  of  retinal  damage  could  be  seen  ophthalmoscopi - 
cally  so  soon  after  exposure.  However,  the  hypothesized  oxidative  reaction 
should  be  complete  well  within  the  first  several  minutes  following  irradiation. 
Presumably,  this  would  give  rise  to  a much  slower  process  leading  to  gross 
alteration  of  membrane  structure  detectable  ophthalmoscofiical  ly  at  i-24  hours 
post-exposure.  The  criterion  for  sacrifice  (.1  hour)  was  chosen  so  as  to 
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TARLE  4-1. 


LAStR  tXPOSURtS  OF  EXPERIMENTAL  AND  CONTROL  EYES 
A.  Experimental  Eyes  (19  August  1976) 


Cornea  1 

Exposure 

Ex[)osure 

Clock  Time  at 

Monkey 

Power  (mW) 

Time  (sec) 

Si te(3 ) 

Start  of  Exposure 

522  OS 

9.4 

120 

1 

15:22 

9.4 

120 

2 

15:29 

9.4 

120 

3 

15:33 

9.4 

120 

4 

15:38 

9.4 

120 

5 

15:43 

Euttiani  zed 

16:48 

554  OS 

19.4 

120 

1 

16:29 

19.4 

120 

2 

16:43 

19.4 

120 

3 

16:47 

19.4 

120 

4 

16:51 

19.4 

120 

5 

16:56 

Euthani zed 

17:05 

221B  OS 

39.6 

loo(^) 

1 

17:28 

39.6 

60 

2 

17:59 

39.6 

60 

3 

18:02 

39.6 

60 

4 

18:04 

39.6 

60 

5 

18:07 

Euthani zed 

28:15 

(a)  See  Figure  4-1. 


(b)  Oeliverori  in  five  successive  exposures  of  10  sec  each  followed  by  two 
exposures  of  20  and  30  sec,  respectively.  The  ex[)osures  were  spaced 
at  1-3  min  intervals  and  the  fundus  was  examined  between  ex()osures. 

No  evidence  of  thermal  lesions  was  detected  up  to  45  min  following  the 
first  exposure. 
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lAULL  4-1  (continued) 


B.  Control  Eyes  (8  September  1976) 


Corneal 

Exposure 

Exposure 

Clock  Time  at 

Monkey  Power  (inW) 

Time  (sec) 

Si te(^ ) , 

Start  of  Exposure 

662C  OS  9.4 

120 

1 

10:47 

9.4 

120 

2 

10:53 

9.4 

120 

3 

10:59 

9.4 

120 

4 

11:05 

9.4 

120 

5 

11:  12(^^^ 

662C  00  19.4 

120 

1 

11:35 

19.1 

120 

2 

11:43 

19.  1 

120 

3 

11:48 

19.8 

120 

4 

11:54 

19.8 

120 

5 

11 :58(d) 

666C  OS  40.7 

120 

l(b) 

14:03 

40.0 

120(c) 

2 

15:13 

40.3 

120 

3 

15:19 

40.  7 

120 

4 

15:26 

40.0 

120 

5 

15:30(''’ 

666C  00  40.0 

60 

1 

14:36 

40.0 

60 

2 

14:41 

39.2 

60 

3 

14:44 

39.2 

60 

4 

14:47 

38.9 

60 

5 

14:5l(f1) 

(a)  See  Fitjure  4-1. 

(b)  Lesion,  possibly  thermal,  noted  shortly  after  exposure 

(see  text). 

(c)  Oelivered  in  six  successive 

exposures  of 

20  sec  at  20 

sec  intervals. 

(d)  No  lesions.,  exce()t  as  noted 

above,  at  ''-1 

hour  exposure 

All  paramacular 

sites  showed  lesions  ("JOO 

m diameter)  . 

at  24  liours  post-exposure. 
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5 

'■'i 

' 

f 

1 

m. 

dist.inquish  between  thermal  and  photochemical  lesions.  The  former  would 
presumably  appear  during  this  interval  following  exposure  whereas  the 
latter  should  not(^’15). 


6-2.  Removal  of  Retinal  Tis^u^  Sjmples 

Immediately  following  enucleation,  the  cornea  was  carefully 
removed  in  a manner  designed  to  avoid  any  rupture  of  the  chamber  containing 
the  vitreous  humor.  At  least  three  long  cuts  were  then  made  with  scissors 
through  all  layers  of  the  eyeball,  each  cut  beginning  from  the  edge  of 
the  cornea  and  extending  posteriorally  to  within  '-6mm  of  the  optic  nerve. 

These  cuts  were  located  so  as  to  avoid  the  laser-irradiated  or  control  zone 
in  the  region  of  the  macula.  Care  was  taken  to  avoid  retinal  detachment. 

The  macula  could  he  located  directly  at  this  stage  by  means  of  low-power, 
magnifying  binocular  spectacles,  using  as  guides  the  color  of  the  macular 
pigment  as  well  as  the  characteristic  pattern  of  the  blood  vessels  around 
the  macula. 

The  desired  zone  was  then  excised  with  a razor  blade,  each  cut  being 
made  through  all  layers  including  the  sclera.  After  the  desired  area  was 
excised,  the  retina  was  pulled  off,  leaving  behind  the  pigiient  epithelium 
(PE),  choroid,  sclera  and  perhaps  some  detached  rod  outer  segments  inter- 
digitated  with  the  PE.  The  PE  plus  choroid  could  then  be  scraped  off  the 
sclera  and  taken  together  as  a sample.  Due  to  the  adhering  vitreous  humor, 
it  was  not  possible  to  obtain  a meaningful  measure  of  the  size  of  the  tissue 
sample  by  taking  the  fresh  weight.  The  fresh  weights  were  used,  however, 
to  estimate  the  amount  of  tissue  water  introduced  into  the  chlorofona- 
methanol  solvent  system  used  to  extract  the  retinal  lipids.  Additional 
details  of  the  experimental  procedures  may  be  found  in  an  interim  report^^^K 


B - 3 . P reparati on  oj^  Tissue  Li j^i ds  f_o r_  Gas  C h r o matograp h^ 

The  total  lipids  were  extracted  from  the  tissue  and  freed  of 
non-lipid  contaminants  by  a modification  of  the  method  of  Eolch-Pi,  et  al.dEl). 
. This  involved  placing  the  tissue  sample  in  ■vl9  times  its  own  volume  (assuming 

i a tissue  density  of  1.00  g/ml ) of  chloroform-methanol  (2:1  by  volume). 

. The  tissue  samples  can  be  stored  safely  in  the  solvent  mixture,  which 

terminates  virtually  all  enzymatic  activities.  Because  of  the  tendency 
of  molecular  oxygen  to  attack  the  unsaturated  lipids,  all  operations 
including  storage  of  samples  were  carried  out,  as  far  as  was  practicable, 

I under  a nitrogen  atmosphere.  Solvents  were  freed  of  dissolved  oxygen  by 

I bubbling  with  nitrogen  before  use,  and  lipid  samples  were  stored  in  a 

( freezer  at 

I 

, Ihe  tissue  samples  were  tiomogenized  by  hand  using  a Potter-El vehjem 

homogenizer  with  a (jlass  pestle.  Insoluble  material  was  then  removed  by 
centrifugation.  The  supernatant  fluid  was  freed  of  non-lipid  contaminants 
by  shaking  with  a volume  of  0.0b'».  agueous  CaCI?.  The  resulting  two-phase 
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system  was  centri fiKjed  in  order  to  produce  a clean  separation  of  phases. 

Ihe  upper  phase,  consisting  of  most  of  the  methanol  and  water  in  the 
system  plus  the  non-lipid  contaminants,  was  taken  off  hy  means  of  a water 
aspirator.  The  resulting  washed  lipid  solution  was  then  either  used 
directly  or  diluted  to  a volume  of  5.0  ml  with  2:1  chloroform-methanol  so 
that  several  aliquots  could  be  taken. 

Since  the  intact  lipid  molecules  are  too  large  and  usually  too  polar 
to  be  volatile  enough  for  gas  chromatography , the  fatty  acids  were  stripped 
off  the  lipid  molecules  and  simul taneoiisly  converted  to  their  much  more 
volatile  methyl  esters.  This  process  of  methanolysis  was  accomplished  by 
a modi ficationi '9)  of  the  method  of  Morrison  and  SmithUO),  pare  was  taken 
to  preclude  exposure  of  the  lipid  sample  to  atmospheric  oxygen,  particularly 
when  the  sample  is  kept  at  100*^C  for  90  minutes  during  the  metham  ''ysis 
reaction. 

Finally,  the  washed  solution  of  methyl  esters  of  the  fatty  acids  was 
evaporated  to  dryness  under  a stream  of  nitrogen.  The  residue  was  dissolved 
in  a small  volume  of  heptane,  usually  ''40  ;il,  and  an  aliquot  ef  2 to  7 ul, 
was  run  through  the  gas  chromatograph  for  quantitative  measurement  of  the 
fatty  acid  pattern. 


B-4.  Gas  Chromatography 

The  methods  used  for  gas  chromatography  were  essentially  those 
described  by  Joel,  et  al.i^"'-  The  instrument  employed  was  a Packard  800 
series  with  hydrogen  flame  ionization  detector.  Pyrex  columns,  6 mm  od  x 
2 nm  id  X 10  feet  long,  were  packed  with  10"  diethylene  glycol  succinate 
on  100-200  mesh  Chromosorb-WAS  (Supelco).  The  column  was  filled  while 
tapping  it  with  a metal  spatula  and  simultaneously  applying  a vacuum  to 
the  outlet  end  after  insertion  of  a glass  wool  plug  1 cm  long.  The  column 
packing  was  compressed  by  application  of  air  at  45  psi  to  the  inlet  end 
with  repeated  tapping  along  the  entire  length  of  the  column.  The  column 
was  conditioned  at  203°C  for  64  hours,  after  which  the  packing  had  settled 
by  2 cm.  Conditioned  column  packing  was  added  and  a 1 cm  glass  wool  plug 
inserted  such  that  the  amount  of  dead  space  at  the  inlet  end  of  the  column 
was  as  small  as  possible.  During  injection  of  the  sample,  the  tip  of  the 
microsyrinqe  needle  reached  to  within  6 nui  of  the  top  of  the  glass  wool. 

The  column  used  for  the  work  described  in  this  report  gave  3600  theoretical 
plates  with  16:0  fatty  acid  (methyl  palmitate)  and  achieved  a baseline 
separation  between  18:0  and  18:lai9. 

The  gas  diromatography  conditions  were  varied  in  order  to  establish 
optimal  conditions  for  the  runs.  For  example,  the  effect  of  carrier  gas 
(helium)  flow  rate  on  the  separation  of  18:0  from  18:1(..9  was  studied,  as 
well  as  the  effects  of  hydrogen  and  air  flow  rates  on  the  signal-to  noise 
ratio.  From  these  studies,  the  optimum  flow  rates  were  selected  on  ttie 
basis  of  minimal  noise  level,  maximal  detector  response  to  16:0,  maximal 
separation  of  18:0  from  18;1(d9,  and  minimal  time  consumed  for  a complete 
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chroma tO()raphic  run.  Thus,  helium  flov-;  was  set  at  52  ml/min  (i.e.,  the 
highest  possible  flow  rate  using  tiie  pressure  regulator  available),  hydrogen 
flow  at  23  ml/min  and  air  flow  at  500  ml/min.  The  system  was  capable 
of  detecting  well  under  1 ng  of  16:0,  but  the  most  quantitatively  accurate 
results  were  obtained  when  the  total  sample  consisted  of  approximately 
10  , i|  or  more  of  a mixture  of  fatty  acid  methyl  esters.  Approximately 
4 mn-  of  retina  was  found  to  yield  more  than  enough  lipid  to  work  at  this 
sample  size. 


Before  the  first  run  of  each  day,  a sample  of  30  ug  of  20:4i.-6  was 
run  through  the  chromatograph  in  order  to  inactivate  any  sites  that  might 
irreversibly  bind  highly  unsaturated  fatty  acids.  A mixture  of  several 
known  fatty  acids  including  22;6o3  was  run  through  the  column  in  order  to 
determine  whether  or  not  there  were  selective  losses  of  any  particular  types 
of  fatty  acids  (short-chain  or  long-chain,  saturated  or  highly  saturated). 
The  results  appeared  to  be  acceptable. 

The  column  used  could  achieve  a partial  separation  of  18:0  (the  fatty 
acid  methyl  ester)  from  18:1a  (the  dimethyl  acetal  of  the  fatty  aldehyde) 
to  the  extent  that  either  could  readily  be  detected  in  the  presence  of  at 
least  a 20-fold  excess  of  the  other.  This  degree  of  separation  of  these 
two  compounds  is  generally  considered  to  be  difficult  to  achieve. 


C . RESULTS  AND  DISCUSSION 

Laser  parameters  chosen  for  the  experiments  coincided  with  those 
reported  to  induce  photochemical  rather  than  thermal  retinal  lesions(^). 
Corneal  powers,  exposure  time  and  retinal  image  size  were  calculated  to 
span  the  range  of  retinal  energy  dose  from  50  to  800  J/cnr^.  The  former 
valiiP  is  the  approximate  threshold  at  this  wavelength  (465.8  nm)  inter- 
polated from  the  data  of  Ham,  et  al.l^)  and  was  based  on  a "worst  case" 
assumption  that  the  actual  retinal  image  diameter  was  a factor  of  two 
larger  than  the  calculated  value.  Thus,  the  retinal  dose  delivered  to 
each  site  exceeded  the  threshold  for  presumed  photochemical  damage  without 
I inducing  thermal  damage.  Funduscopic  examination  of  the  three  animals 

‘ used  in  this  study  was  carried  out  immediately  prior  to  euthani zation 

i (1  hniir  post-exposure)  and,  indeed,  no  evidence  of  thenial  lesions  was 

' se.T). 

» 

:r..  (*ves  were  enucleated  immediately  (-5  min)  after  sacrifice  and 
1 I we>e  stnr-pfj  overnight  in  Up-  saturated,  isotonic  saline  at  '0°C.  Severe 

i|  refinji  detachrmnit  was  noted  when  the  eyes  were  dissected.  Such  severe 

det.Khment  had  not  been  observed  in  eyes  dissected  immediately  following 
» . enucleation. 

: ’ Due  to  the  severity  of  the  retinal  detachment  in  these  three  eyes, 

difficulties  were  experienced  in  attempts  to  dissect  usal>le  retinal  tissue 
[ samples.  Thus,  the  first  eye  removed  (221B)  yielded  no  useful  sample  of 
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the  i rrdciia ted  retinal  tissue  and  was  used  for  additional  control  analyses. 
reri()heral  areas  of  the  other  two  retinas  (552C  and  554C)  were  used  for 
exploratory  trials  in  order  to  establish  procedures  for  selective  dissection 
of  the  irradiated  retinal  sites. 

Areas  of  retina  + piqnient  epithelium  + choroid  were  dissected  from 
ft52C  and  554C.  the  first  sample  taken  from  552C  included  the  macula  and 
presumably  all  of  the  irradiated  area.  A second  area  taken  from  fi52C  was 
between  the  disc  and  the  irradiated  site  and  was  intended  to  serve  as  the 
most  suitable  control  area.  Ideally,  one  would  like  to  obtain  the  control 
area  from  the  macular  zone  of  the  other  eye  of  the  same  animal,  but  these 
three  monkeys  were  uni-ocular,  finally,  an  irradiated  area  similar  in 
location  to  that  taken  from  552C  was  taken  from  554C. 

The  retina  + piqment  epithelium  + choroid  were  taken  together  rather 
than  the  retinal  layer  alone  because  of  the  possibility  that  the  largest 
laser  effects  might  occur  in  the  most  distal  portions  of  the  rod  outer 
segments.  These  are  the  oldest  portions  of  the  outer  segments  and  thus 
might  have  experienced  some  degree  of  lipid  autoxidation  even  before 
laser  exposure(^).  Some  of  the  more  distal  parts  of  the  rod  outer  segments 
may  become  detached  and  remain  with  the  piqment  epithelium  into  which  they 
protrude.  In  retrospect,  it  would  appear  preferable  to  analyze  the  retina 
separately  from  the  piqment  epithelium  + choroid  in  the  laser-exposed  eyes. 

Table  4-2  shows  a comparison  of  the  fatty  acid  patterns  of  the  irra- 
diated zones  of  monkeys  552C  and  554C  with  that  of  the  control  zone  of 
monkey  552C.  Clearly  there  are  no  striking  effects  of  laser  radiation  on 
the  fatty  acid  pattern.  There  is  no  indication  of  any  depletion  of  22:6-o3 
due  to  laser  treatment,  nor  is  there  any  indication  of  the  appearance  of 
new  peaks  representing  fatty  acids  with  structures  altered  due  to  laser 
radiation.  The  experiment  should  be  repeated  with  more  appropriate  controls 
as  well  as  with  retinas  in  which  the  lesions  are  clearly  visible,  i.e., 
at  -24  hours  post-exposure. 

Table  4-3  shows  a comparison  between  the  fatty  acid  pattern  of  the 
retina  of  monkey  221R  and  that  of  the  pi(|ment  epithelium  + choroid  of 
the  same  eye.  The  most  striking  differences  are  a five-fold  higher  con- 
centration of  18:2(1)6  in  the  pigment  epithelium  + choroid  and  an  apparent 
two-fold  higher  concentration  of  22:6ui3  in  the  retina.  A relatively  high 
content  of  22:6'.i3  and  low  content  of  18:2m6  are  characteristic  of  vertebrate 
central  nervous  tissue  in  genera  1 ( 21 -23) . Alveldano  and  Bazan(24)  have 
observed  a similar  difference  in  the  fatty  acid  patterns  of  what  they 
termed  "retina  plus  choroid"  in  the  frog.  This  is  the  first  known  report 
of  the  fatty  acid  pattern  of  the  monkey  retina. 

Figure  4-3  illustrates  the  complete  gas  chromatograph  of  the  fatty 
acids  of  the  retina  of  monkey  2218.  All  but  three  of  the  peaks  occurring 
as  1 or  more  of  the  total  fatty  acids  could  be  identified  with  a great 
deal  of  assurance,  primarily  on  the  basis  of  retention  time.  The  three 
uncertain  peaks  are  relatively  minor. 
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TABLt  4-2. 


COMPARISON  OF  lATTY  ACID  PAFTERNS  OF  CONTROL 
AND  LASLR-TRI  AFF:D  AREAS  OF 
MONKEY  RETINA  t-  PIGMENT  EPITHELIUM  ^ CHOROID 


I 


I 


Amount  of  Erich  Fatty  Acid 


Ten  tat i ve 
Identi fi cat  ion 
of  Peak 

Expressed 

as  of  Total  la  tty  Acids 

) 

Monkey  1 
Contr'ol 

562C 

Area 

Monkey  552C 
Irradiated  Area 

Monkey  554C 
Irradiated  Area 

16 

:0a(‘’^ 

1. 

2 

1. 

7 

1. 

3 

16 

0 

16. 

3 

12. 

4 

15. 

6 

18 

0.1^^^ 

2. 

4 

2. 

5 

3. 

1 

18 

0 

20. 

8 

20. 

2 

21. 

7 

18 

1 

13. 

0 

12. 

6 

13. 

9 

18 

2ui6 

4. 

8 

5. 

1 

5. 

7 

20 

0 

0. 

8 

1. 

0 

1. 

1 

20 

3{u6 

1. 

5 

1. 

4 

1. 

4 

20 

4-, .6 

12. 

3 

12. 

3 

14. 

1 

Unidenti fied 

1. 

6 

1. 

5 

1. 

3 

22 

4,^6 

2. 

0 

2. 

4 

2. 

1 

22: 
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3 
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6.3 
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,0 
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2 

(a)  Iho  amount  of  oach  fatty  acid  is  calculated  as  the  peak  neipht  mul* 

plied  by  its  retention  time  on  the  column.  This  qives  the  [ret 

of  each  comiionent  by  weicjht.  Only  fatty  acids  occur-rinu  a'  a ’ 

at  least  1.0  in  at  least  one  of  the  three  samples  are  -tiow'  •• 
table. 

(b)  "a"  designates  the  dimethyl  acetal  of  the  fatty  aldr"  !• 
bonds . 

(c)  This  I'eak  may  contain  22:0  and/or  a minor  ■ '>i,f  , - .• 

chloroform  solvent. 
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COMPARISON  or  FATTY  ACID  PATTFRNS  OF  RFTINA  WITH 
PIGMLNT  EPITHLLIUM  + CHOROID  LAYERS 


Tentati ve 
Identi fication 
of  Peak 

Retention  lime 
Relative  to  18:0 
Re  ti  n a PIT-  Cli  o r o i d 

Amount  of  Each 
Exjjressed  as  /i  of 
Retina 

Fatty  Acid^^^ 
Total  Fatty  Acids 
PK+Choroid 

16:0a 

0.46 

0.46 

1.0 

2.4 

16:0 

0.53 

0.53 

16.2 

16.0 

18:0a 

0.87 

0.88 

2.6 

2.2 

18:0 

1.00 

1.00 

20.0 

17.9 

18:1 

1.12 

1.  13 

14.1 

17.7 

18:2.,)6 

1.36 

1.37 

1.9 

10.0 

20:0 

1.85 

1.88 

1.2 

1.4 

20:3tu6 

2.84 

2.88 

1.8 

1.1 

20;4ii)6 

3.18 

3.22 

12.3 

14.5 

Uni  dent i fied 

3.49 

3.55 

0.4 

1.3 

22:4.,)6 

5.79 

5.88 

2.0 

2.2 

22:5oj6  or  24:0 

6.40 

6.66 

2.7 

1.2 

22:6m3 

8.44 

8.58 

22.2 

10. 2^^^^ 

(a)  Data  obtained 

from  monkey 

2218.  For 

further  explanations  see  Table  4-2. 

(b)  This  peak  may 

contain  22:0 

and/or  a i 

minor  contaminant 

from  the  chloro- 

form  solvent. 

(c)  The  22:6^i3  peak  for  the  PE  + choroid  sample  was  approximately  twice  as 
wide  as  observed  in  other  sani[)les.  This  is  most  likely  due  to  the 
presence  of  material  other  than  22:6ui3.  If  instead,  all  the  material 
in  the  peak  were  22:6m3,  then  the  percentage  of  22:6(u3  in  the  PE  + 
choroid  would  be  approximately  20  rather  than  10.2. 
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In  conclusion,  the  major  problems  regarding  the  procedures  and 
techniques  for  obtaining  the  desired  specimens  of  retina,  pigment 
epithelium  and  choroid  and  analyzing  their  quantitative  fatty  acid 
patterns  have  been  solved.  The  project  has  reached  the  stage  at  which 
the  effects  of  laser  radiation  on  retinal  fatty  acids  can  be  assessed 
di rectly. 
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CHAPTER  5 


OCULAR  HISTOPATHQLOGY  AND  ELECTRON  MICROSCOPY 
William  H.  Bowie  and  Robert  V.  Blystone* 


A.  INTRODUCTION 

Duties  of  the  histopathology  support  function  of  this  contract 
included  securing  ocular  tissues;  fixing  and  embedding  tissues  in  pre- 
paration for  sectioning;  sectioning;  and  preparation  of  slides  for  light 
microscopy  or  of  unsupported  thin  sections  for  electron  microscopy.  Except 
for  the  comparative  light  and  electron  microscopy  reported  in  this  chapter, 
all  prepared  ocular  tissues  were  turned  over  to  pathologists  of  the  USAFSAM 
Veterinary  Science  Division,  Clinical  Pathology  Branch  for  evaluation  of 
laser  induced  ocular  damage. 

Ocular  tissues  (globes)  were  enucleated  directly  from  freshly  killed 
animals  or  removed  with  the  aid  of  a Stryker  saw  from  perfused  animals. 
Methods  of  preservation  included  direct  immersion  of  the  fresh  globe  in 
fixative,  whole  body  perfusion  of  the  subject  through  the  left  ventricle, 
and  whole  body  retrograde  perfusion  through  the  descending  aorta. 

Although  equipment  for  the  automatic  processing  of  standard  tissue 
samples  was  available,  it  was  not  suitable  for  processing  ocular  tissues 
due  to  the  uniqueness  of  the  chemicals  and  time  schedules  required  for 
these  tissues.  Consequently,  all  processing  of  ocular  tissue  was  accom- 
plished manaually  as  was  staining  of  mounted  sections.  The  chemical  time 
schedules  varied  according  to  the  specific  task  but,  in  general,  were 
similar  to  the  following  outline  for  the  treatment  of  retinal  tissue: 

1.  immerse  entire  globe  in  '^3%  gl uteraldehyde  overnight 

2.  dissect  exposed  macula  or  other  area  of  interest  out  of  fixed 
globe 

3.  immerse  tissue  in  fresh  fixative  for  several  hours 

4.  wash  tissue  in  0.1  M sodium  cacodylate  buffer  (pH  7.3) 

5.  wash  tissue  in  distilled  water 

6.  post-fix  tissue  with  1%  osmium  tetroxide  in  cacodylate  buffer 

7.  wash  tissue  in  distilled  water 

8.  dehydrate  tissue  through  a series  of  ethyl  alcohol  solutions 
of  graded  concentrations,  ending  with  100%  alcohol 

9.  treat  tissue  with  propylene  oxide 

10.  infiltrate  tissue  overnight  with  a 50:50  propylene  oxide-complete 

* National  Science  Foundation  Faculty  Research  Participant,  Summer  1976. 
Permanent  address:  Department  of  Biology,  Trinity  University,  San 

Antonio,  Texas  78284. 
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plastic  mixture 

n.  infiltrate  tissues  under  vacuum  with  100'“  complete  plastic 
mi xture 

12.  inmerse  tissue  in  ^lomplete  plastic  mixture;  allow  to  cure  at 
45'C-65'’C  overnight  or,  preferably,  longer 

13.  trim  plastic,  mount  in  microtome  and  section. 

Corneal  tissues  were  processed  according  to  the  above  schedule  or, 
in  some  instances,  according  to  a more  routine  paraffin  processing 
technique.  Examples  of  pe  latter  can  be  found  in  any  standard  manual 
of  histologic  techniques^  J . 

Sectioning  methods  used  employed  a standard  rotary  microtome  (AO/ 
or  a Porter-Blum  Ultramicrotome.  Tissues  sectioned  on  the  AO  instrument 
were  embedded  in  a paraffin-type  compound  while  those  sectioned  on  the 
ultramicrotome  were  embedded  in  Epon  812  or  Spurr  plastic. 

Stains  utilized  were  toluidine  blue,  methylene  blue  and  hematoxylin 
and  eosin  (H  S E).  The  former  two  were  used  on  sections  embedded  in 
plastic  while  the  H & E was  used  on  sections  embedded  in  paraffin. 

During  the  course  of  this  contract,  histopathologic  support  was  used 
to  evaluate  laser-induced  ocular  damage  for  a number  of  projects.  Among 
these  were:  a study  of  the  wavelength  dependence  of  retinal  damage  induced 

by  visible  laser  radiation;  a study  of  the  chronological  development  of 
laser  induced  retinal  lesions;  and  studies  of  the  location  and  extent  of 
corneal  and  retinal  damage  induced  by  near-UV  laser  radiation.  Discussions 
of  these  and  other  examples  of  the  contributions  of  histopathologic  evalu- 
ation to  the  overall  program  can  be  found  elsewhere  in  this  report  as  well 
as  in  earlier  reports'2,3) . jhe  remainder  of  this  chapter  is  devoted  to 
a comparative  study  of  light  and  electron  microscopy  (EM)  of  retinal  lesions 
induced  by  mode-locked  visible  laser  pulses!'^). 


B.  PRELIMINARY  ELECTRON  MICROSCOPY 


B-1 . Previously  Prepared  Tissues 

Tissues  mounted  in  the  previously  prepared  blocks  had  been 
fixed  by  perfusion  or  whole  eye  immersion  procedures.  In  some  of  these 
tissues,  artifacts  resulting  from  the  fixative  procedure  were  evident 
at  the  EM  level.  The  principal  artifact  observed  was  probably  due  to 
osmotic  imbalance  of  tissues  fixed  by  whole  eye  immersion.  Specifically, 
these  preparations  revealed  swollen  mitochondria  (Figure  5-1),  disruption 
of  nuclear  envelopes,  and  swelling  or  disruption  of  other  membrane-bound 
organelles.  Moreover,  immersion  in  cold  (<4°C)  fixative  produced  possible 
ice  crystal  formation  (Figure  5-2).  EM  examination  of  perfused  samples 
revealed  tissue  profiles  with  substantially  fewer  artifacts. 


FIGURE  5-1.  Electron  Micrograph  Showing  Swollen,  Distended  Mitochondria 
(subject  108C,  OD).  Section  was  taken  from  the  periphery  of 
a lesion  area.  These  malformations  are  typical  of  osmotic 
shock  and  were  evident  in  nearly  all  eyes  fixed  by  immersion 
(X  27,800,  neg.  no.  76-352). 


FIGURE  5-2.  EM  View  of  a Longitudinal  Section  (i.e.,  parallel  to  the  optic 
axis)  Through  the  Pigment  Epithelium  (subject  39C,  OD).  Section 
taken  from  periphery  of  lesion  area.  The  white  spindle-shaped 
areas  are  interpreted  as  voids  due  to  the  formation  of  ice 
crystals  during  whole  eye  immersion  in  cold  (''-4°C)  fixative 
(X  15,000,  neg.  no.  76-363). 


A block  of  control  tissue  was  aligned  and  cut  pe^oendicul ar  to  the 
optical  axis.  In  this  manner,  retinal  lesions  can  be  examined  as  a 
function  of  axial  depth  across  the  entire  diameter  of  the  exposure  site. 
Thus,  this  approach  should  allow  semi-quanti tati ve  estimates  of  the  overall 
extent  of  damage  as  well  as  the  severity  of  damage  within  individual  retinal 
layers.  Such  estimates  would  provide  valuable  information  needed  to 
validate  thermal  and  non-thermal  models  of  retinal  injury. 

Examination  of  transverse  sections  of  this  control  eye  showed 
structure  and  detail  not  apparent  in  parallel  sections.  For  instance,  at 
low  magnification  ( lOOx)  the  outer  limiting  membrane  appears  as  a broad 
circular  band  as  does  Bruch's  membrane,  a portion  of  which  is  shown  in 
Figure  5-3  at  high  magnification.  Similarly,  the  spatial  orientation  of 
the  photoreceptors  is  more  readily  observable  in  transverse  than  in 
longitudinal  sections.  Figure  5-A  shows  a transverse  view  of  the  inner 
segment  region  of  a normal  (i.e.,  unexposedj  retina. 


B-2.  Comparative  Light  and  Electron  Microscopy 

Both  eyes  from  each  of  three  animals  (461C,  51 1C  and  585C)  were 
enucleated  for  this  study.  All  had  been  exposed  previously  in  the  course 
of  threshold  measurements  using  mode-locked  visible  laser  pulses^'^).  In 
addition,  the  right  eye  of  No.  461C  had  been  used  for  an  yi_yq  thermal 
and  optical  probe  experiment.  Thus,  the  eyes  from  this  subject  were  fixed 
by  immersion  whereas  both  of  the  other  animals  were  perfused  prior  to 
enucl eation. 

The  fixative  combinations  were  the  same  for  all  three  animals:  3.0 
to  3.5%  gluteraldehyde  in  0.1  M sodium  cacodylate  buffer  (pH  7.3),  followed 
by  ]%  osmium  tetroxide  in  0.05  M sodium  cacodylate  buffer  [also  at  pH  7.3). 

The  major  variation  in  technique  tested  with  animals  51 1C  and  585C  was  the 
embedding  matrix.  Older  specimens  had  been  embedded  in  Luffs  Epon(^) 
which  proved  to  be  too  soft  for  large,  thin  sections.  Specimens  from  585C 
(both  eyes)  were  embedded  in  a modified  Mollenhauer  Epon-Araldi te  plastic^®' 
wnich  also  yielded  unsatisfactory  results.  Sections  of  peripheral  retina, 
saved  from  585C  and  461C,  were  later  infiltrated  with  Spurr  plastic^f  which 
proved  to  be  satisfactory.  However,  the  usual  thick  section  stain  (toluidine 
blue)  gave  less  than  desirable  results  in  this  plastic.  Methylene  blue  in 
sodium  borate  was  found  to  be  an  acceptable  stain  for  sections  embedded  in 
Spurr  plastic. 

The  macular  areas  of  both  eyes  of  461C  were  embedded  in  Epon  and 
sectioned  from  nasal  to  temporal  in  increments  of  2 um  per  section.  Some 
thin  sections  were  taken  for  EM  microscopy,  primarily  for  initial  experience 
in  coordination  of  thick-thin  sectioning  techniques.  The  resulting  electron 
micrographs  of  these  tissues  did  not  contain  significant  information  regarding 
laser  induced  injury,  but  they  did  contribute  to  a general  overview  of  the 
ultrastructure  of  the  retina. 
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FIGURE  5-3.  Electron  Micrograph  of  a Transverse  Section  (i.e.,  perpendicular 
to  optic  axis)  Through  B'uch's  Membrane  (subject  199B,  OS).  The 
basal  enfoldings  of  the  pigment  epithelium  are  seen  at  the  upper 
right  while  the  choroidal  fenestrations  are  seen  at  the  lower 
left.  Collagen  fibers  predominate  and  appear  to  be  randomiv 
arranged  (X  12,800,  neg.  no.  76-396). 


I 

I 

I 

FIGURE  5-4.  EM  View  of  a Transverse  Section  Through  Inner  Segments  of  Piioto- 
receptors.  The  central  area  is  a single  cone  surrounded  by  rods 
(subje;t  1998,  OS).  Darkly  stained  mitochondria  are  predominant. 

The  white  vacuolar  areas  within  the  cells  are  probably  artifacts 
due  to  osmotic  damage  produced  during  fixation  (X  9,050,  neg. 
no.  76-432). 
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Tissue  samples  from  the  right  eye  of  animal  51 1C  f^ere  embedded  in 
Spurr  plastic  and  subjected  to  alternate  thick-thin  sectioning  “"or  light 
and  electron  microscopy,  respectively.  Detailed  results  of  the  microscopic 
examinations  are  presented  in  Sections  C (light  microscopy)  and  D (electron 
mi croscopy) . 


C . LIGHT  MICROSCOPY 

The  right  eye  of  animal  511C  had  been  exposed  to  mode-locked,  visible 
laser  pulses  6 months  prior  to  sacrifice.  A row  and  column  pattern  of 
marker  lesions  was  used  to  define  a 4 x 4 grid  of  exposure  sites  within  the 
macula  as  shown  in  Figure  5-5.  The  exposure  conditions  were  as  follows: 
wavelength,  514.5  nm;  pulsewidth,  --250  psec;  pulse  repetition  rate,  -'-104  MHz; 
pulse  train  duration,  10  msec  (see  reference  4 for  further  details).  The 
peak  power  delivered  to  each  of  the  16  exposure  sites  is  indicated  in 
Figure  5-5.  For  this  set  of  exposure  conditions,  two  thresnold  levels 
were  determined:  at  one  hour  post-exposure,  the  threshold  (ED50)  was 

"430  mW  peak  pulse  power,  whereas  using  a 24-hour  observation  criterion, 
the  peak  pulse  power  ED50  was  found  to  be  --210  mw(‘^).  Thus,  none  of  tne 
sites  in  this  eye  were  exposed  to  powers  lower  than  the  24-hour  threshold. 
Five  sites  received  less  than  the  1-hour  threshold  dose  and  the  remaining 
eleven  were  exposed  to  peak  power  levels  ranging  from  slightly  supra- 
threshold  to  -4  times  threshold,  based  on  the  1-hour  ED50. 

Ophthalmoscopic  examination  of  this  eye  at  one  hour,  eight  days  and 
-vtwo  weeks  post-exposure  showed  lesions  at  all  sites  except  those  exposed 
to  peak  powers  lower  than  475  mW.  At  six  months  (i.e.,  immediately  prior 
to  sacrifice)  only  six  lesions  were  clearly  identifiable,  viz.,  those 
exposed  to  peak  powers  higher  than  681  mW. 

The  eye  was  .sectioned  at  2 um  intervals  through  the  vertical  markers 
(M5  through  M8)  until  the  first  horizontal  marke’’  (M4)  was  identified. 

After  that,  serial  thick  (i.e.,  2 cm)  sections  were  taken  for  light  micro- 
scopy with  thin  (i.e.  1200  A)  sections  for  electron  microscopy  taken  every 
10-15  pm. 


Three  definite  experimental  lesions,  and  one  probable  lesion  were 
identified  by  light  microscopy.  These  were  found  approximately  400  'um 
inferior  to  the  fovea  centralis  and  were  therefore  assigned  to  the  row  of 
sites  defined  by  M8.  All  experimental  lesions  were  about  20-30  urn  wide 
and  none  showed  extensive  disruption  of  the  pigment  epithelium.  The  area 
shown  in  Figure  5-6  is  assigned  to  site  832  and  can  only  be  classed  as  a 
probable  lesion.  This  classification  is  based  on  the  absence  of  pigment 
spicules  on  the  inner  surface  of  the  PE  and  on  the  vague  disorganization 
in  the  microvilli  region  of  this  area.  The  most  apparent  damage  in  sites 
that  received  >832  mW  was  confined  to  the  inner  segments  and,  to  some  extent, 
the  PE  (Figures  5-7  through  5-9).  The  outer  nuc’ear  layer  appeared  to  be 
slightly  disarranged  and  depressed  towards  the  PE.  The  outer  limiting 
membrane  was  not  appreciably  thickened.  The  inner  segments  showed  some 
disruDtion,  and  vacuolation  was  evident  at  site  1587  (Figure  5-8).  In 
addit'on,  displaced  nuclei  were  found  in  the  inner  segments  of  some  lesions. 
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FIGURE  3-5.  Diaqram  of  Retinal  Exposure  Area  in  511C  OD.  The  locations  of 
exporirnental  and  marker  lesions  (M)  are  aoproximate  and  not 
to  scale.  Experimental  exposure  sites  are  labeled  with  the 
peak  pulse  power  applied  to  each  site. 


FIGURE  5-6. 


FIGURE  5- 


FIGURE  5- 


Probable  Lesion  Produced  by  832  imW  PeaL  Power.  Only  very  minor 
damage  to  the  PE  is  seen.  The  microvilli  region  shows  some  dis- 
ruption and  there  is  displacement  of  the  spicules  and  granules 
in  the  PE.  All  photographs  in  this  series  (5-6  through  5-9)  are 
of  the  same  retina  (511C  OD)  and  at  the  same  magnification. 


7.  Definite  Lesion  Produced  by  1092  mW  Peak  Power.  Disorganization 
of  the  outer  nuclear  layer  and  the  photoreceptors  is  seen. 


Definite  Lesion  Produced  by  1587  mW  Peak  Power.  Two  pyknotic 
nuclei  can  be  seen  which  may  correspond  to  the  photoreceptors 
formerly  occupying  the  void.  Three  phagocytic  bodies  are  seen 
in  the  PE. 


Definite  Lesion  Produced  by  1261  mW  Peak  Power.  Disorgani zation 
of  the  outer  nuclear  layer  and  migration  o*'  nuclei  into  the 
Outer  segments  is  seen.  The  large,  lightly  shaded  area  in  the 
PE  appeared,  when  examined  by  EK,  to  be  a 1 pid  droplet. 


FIGURE  5-9. 


D . EL_ECTR0N  Mj£Rp_S£0^ 

The  electron  ciicroscopy  reported  here  should  not  be  considered  as 
a substitute  for  hi stopathology , but  rather  an  extremely  powerful  adjunct. 
Light  microscopy  must  be  used  to  identify  exposure  sites  with  respect  to 
distances  from  established  landmarks.  Correlation  of  light  microscopy  at 
appropriate  magni fication  with  electron  microscopy  of  ad'icent  (thin) 
tissue  sections  provides  the  combination  of  microscopic  techniques  required 
to  examine  exposure  sites  for  subtle,  laser-induce  1 morphc logical  changes 
of  netinal  fine  structure. 

The  efforts  of  this  project  centered  primarily  on  EM  examination  of 
specimen  511C  OD.  The  most  prominant  experimental  lesions  (sites  1092, 

1587  and  12G1,  Figure  5-5)  together  with  three  marker  lesions  in  the  same 
eye  and  lesion  areas  selected  from  among  previously  prepared  tissue  blocks 
were  examined  at  the  ul trastructural  level.  Figures  5-10  through  5-18 
were  selected  as  representative  of  the  nearly  400  electron  micrographs 
taken  during  the  course  of  this  study. 

Initial  attempts  at  electron  microscopy  quickly  revealed  that  the  task 
of  locating  small,  near-threshol d lesions  is  at  best  tedious  and,  in 
most  cases,  impossible  without  correlated  light  microscopy  of  the  suspected 
sites.  Consequently,  only  tissue  areas  having  experimental  lesions  previously 
identified  by  light  microscopy  were  examined  by  EM.  Several  additional 
suspect  lesion  sites  were  also  located  by  EM.  However,  in  the  absence  c^ 
well-defined  markers  within  the  macula,  distance  mapping  could  not  be 
carried  out.  Consequently,  none  of  these  areas  could  be  assigned  to  laser 
exposure  sites  with  any  degree  of  confidence. 

Observation  of  retinal  lesions  at  the  EM  level  led  to  the  following 
general  conclusions  ''egarding  the  ultrastructure  of  these  areas: 

1)  The  spindle-like  pigment  granules  (i.e.,  spicules)  located  in 
the  apical  pigment  epithelial  vi 1 1 i are  general ly  absent  in  the  lesion 
areas.  The  villi  themselves  appear  little  affected.  Also,  electron- 
dense  pigment  granules  are  absent  from  the  basal  components  of  the  apical 
villi  (see  Figure  5-10,  -11,  -13). 

2)  Rod  outer  segments  (ROS)  in  the  vicinity  of  the  microvilli  are 
generally  atypical  or  totally  absent  at  lesion  epicenters.  This  effect  is 
more  pronounced  in  the  case  of  the  higher  power  exposures,  especially  at 

the  sites  of  marker  lesions.  Figures  5-11  and  5-12  illustrate  ROS  disruption 
typically  seen  in  such  damaged  areas.  In  addition,  the  normal  association 
between  ROS  and  PE  is  disrupted  (Figures  5-10  and  5-11). 

3)  Some  cells  of  the  PE  in  the  area  of  the  lesion  show  accumulations 
of  what  appear  to  be  lipid  droplets.  The  experimental  exposure  sites  appear 
to  contain  distinctly  more  of  these  droplets  than  do  the  marker  sites. 

(Compare  Figure  5-13  with  Figure  5-11).  No  determination  can  be  made  at 
this  time  as  to  whether  the  lower  droplet  count  at  the  marker  lesion  sites 
is  associated  with  the  higher  laser  powers  or  is  due  to  the  fact  that  the 
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r:3URE!  5-10.  Longitudinal  Section  through  the  Pigment  Epithelium  (subject 

511C,  OD).  The  presence  of  microvilli  with  no  pigment  granules 
and  the  scarcity  of  round  or  ovoid  pigment  granules  are  typical 
of  lesion  sites  (X  14,900,  neg.  no.  76-521). 


FI31IRE  5-11.  Longitudinal  Section  through  the  Pigment  Epithelium  (subject 
511C,  00).  This  disorganization  was  often  seen  as  a result 
of  high  energy  inputs  (marker  lesions).  The  PE  is  disoraamzed 
as  are  the  microvilli  and  rod  outer  segments.  Some  scattered 
lipid"  droplets  are  noted  just  above  the  basal  infoldings, 
which  are  themselves  exaggerated  and  distorted  (X  10,650,  neg. 
no . 76-501 . ) 
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FIGURE  5-12.  Longitudinal  Section  Through  a Rod  Outer  Segment  (subject  158B, 
OD).  Section  taken  from  the  periphery  of  a 550  pm  diameter, 
supra-threshold  thermal  lesion  (300  mW,  500  msec  exposure  at 
647.1  nm).  Lamellar  disorganization  of  this  type  is  often 
encountered  in  lesion  areas  (X  26,500,  neg.  no.  76-210). 


FIGURE  5-13.  Longitudinal  Section  Through  the  Pigment  Epithelium  (subject 
511C,  OD).  The  microvilli  are  shown  to  the  left  while  Bruch's 
membrane  is  seen  to  the  right.  The  regular,  sharply  defined 
ovoid  bodies  are  tentatively  identified  as  lipid  droplets.  The 
area  is  adjacent  to  a known  lesion  site.  Also  note  the  absence 
of  apical  pigment  granules  in  the  PE  microvilli  (X  12,000,  neg. 
no.  76-514). 


markers  are  in  the  pa>^anacular  region  while  the  experimental  exposure 
sites  are  in  the  macula.  The  rather  preliminary  data  suggest  that  the 
droplets  tend  to  be  displaced  toward  the  basal  side  of  the  pig^-ent 
epithelium  at  experimental  sites  whereas  the  marker  sites  demonstrate 
a more  disperse  droplet  population.  Droplets  are  rarely  encountered 
more  than  a few  tens  of  ,im  removed  from  lesion  sites,  which  is  taken  as 
confirmation  that  they  are  directly  associated  with  the  laser  exposure. 
However,  it  must  be  pointed  out  that  identification  of  these  bodies  as 
lipid  is  tentative  and  is  based  solely  on  fine  structure  morphology. 
Histochemistry  must  be  performed  to  confirm  this  assignment. 

4)  In  general,  the  morphology  of  the  pigment  epithelium  is  disturbed 
at  lesion  sites.  Neither  mitochondria  nor  other  membrane-bound  organelle 
components  appear  as  frequently  as  in  normal  tissue.  Cytoplasmic  pigment 
components  and  autophagic  components  are  irregular  in  their  distribution 
and  at  times  tend  to  cluster  together,  especially  in  cells  located  toward 
the  edges  of  the  lesions.  (Figures  5-10,  -11,  -13,  -14). 

5)  The  relationships  of  the  basal  PE  to  Bruch's  membrane  and  to 
the  choriocapillaris  appear  to  be  highly  disturbed  at  marker  lesion  sites, 
as  illustrated  in  Figure  5-14.  Figure  5-15  shows  a pigment-like  packet 
completely  enclosed  in  a thickened  Bruch's  membrane.  These  pigment  packets 
resemble  elements  also  seen  in  normal  choroid.  Frequently,  small  cytcolasmic 
bodies  are  seen  next  to  the  basal  infolds  of  the  pigment  epithelium  (Figure 
5-14).  This  association  suggests  that  these  bodies  might  be  extrusions  of 
the  pigment  epithelium.  Experimental  lesion  sites,  in  contrast,  generally 
show  the  pigment  epithelium  and  the  choroid  with  near-normal  associations. 

6)  The  most  dramatic  element  that  marks  readily  identifiable  lesion 
sites  is  the  absence,  at  lesion  epicenters,  of  the  inner  and  outer  segments 
of  the  photoreceptors.  However,  this  effect  is  also  observable  at  the  lower 
magnifications  accessible  with  light  microscopy  (Figure  5-8).  The  void 
appears  to  be  filled  with  a uniformly  granular  substance  together  with  some 
membranous  debris.  This  appears  to  be  characteristic  of  older  (-G  months 
post-exposure),  high  power  lesions.  In  addition,  at  the  outer  limiting 
membrane,  EM  reveals  that  microvilli  from  the  Muller  cells  may  be  seen 
extending  into  the  void. 

7)  The  outer  nuclear  layer  vitread  to  the  void  epicenter  often 
demonstrates  numerous  irregularities.  At  six  months  post-exposure  some 
pyknotic  nuclei  are  seen  in  this  lesion  area  iFigure  5-16),  Also,  there 
tend  to  be  fewer  than  normal  nuclei  in  the  outer  nuclear  layer  at  lesion 
sites,  resulting  in  greater  internuclear  spacings.  As  a consequence, 

Miiller  cell  cytoplasm  may  expand  to  fill  the  space  left  by  the  destroyed 
photoreceptor  nuclei.  This  Muller  cell  cytoplasm  often  demonstrates 
elaborate  arrays  of  endoplasmic  reticulum  which  are  clearly  visible  in 
Figure  5-16. 
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5-14.  Longitudinal  Section  Through  the  Pigrr.ent  Epithelium  (subject 

61 1C,  OD).  Apical  microvilli  seen  in  the  upper  left  have  formed 
a seccndary  layer  or  infolding.  Bruch's  membrane  is  seen  in  the 
lower  portion  of  the  photograph.  The  PE  adjacent  to  Bruch's 
membrane  seems  to  have  invaginated  and  extruded  material  into  and 
possibly  through  Bruch's  membrane.  This  area  is  within  a marker 
lesion  (X  14,980,  neg.  no.  H1829). 


-15.  Longitudinal  Section  Through  Bruch's  Membrane  (subject  511C,  OD). 
The  membrane  is  thickened  and  enlarged  and  contains  two  packets, 
one  of  which  apparently  contains  pigment.  The  other  seems  to 
contain  the  remains  of  a lamellar  body  of  soiiie  othe*"  memb'^ane- 
bound  structure  (X  31,400,  neg,  no.  H1830), 
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FIGURE  5-16.  Longitudinal  Section  Showing  Muller  Cell  Proliferation  Around 
a Damaged  Nucleus  (subject  511C,  OD).  The  abundance  of  Muller 
cell  endoplasmic  reticulum  is  apparently  a response  to  space 
left  by  the  loss  of  damaged  or  dead  cells.  A pyknotic  nucleus 
is  seen  at  the  upper  center  of  the  micrograph  (X  21,900,  neg. 
no.  H1838). 


FIGURE  5-17.  Longitudinal  Section  Showing  Cross-secJon  of  Photoreceptor 

Axons  Between  the  Outer  Nuclear  Layer  and  the  Outer  Plexiform 
Layer  (subject  461C,  OS).  Three  stages  of  axon  morphology  are 
shown.  The  overall  lighter  axons  are  interpreted  as  normal. 

The  darker  bodies  are  believed  to  rf^present  an  intermediate 
stage  of  necrosis.  The  very  dark  axon  is  thought  to  be  necro- 
tic and  may  be  linked  to  an  injured  or  destroyed  photoreceptor. 
This  area  is  approx imately  150  „■  lateral  to  a lesion  site  in 
the  outer  nuclear  laye*".  (X  23,^00,  neg.  no.  76-463). 
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8)  ‘U  normal  as  well  as  laser-exposed  retinal  sites,  the  peripheral 
axons  of  photoreceptors  are  oriented  at  approximately  rignt  angles  to  the 
optic  axis  on  the  vi tread  side  of  the  outer  nuclear  layer  and  extend  100- 
200  m to  the  outer  plexiform  layer.  This  lateral  displacement  causes 
difficulty  in  tracing  lesion  effects  in  this  region.  However,  gaps  in 
axon  bundles  were  in  some  instances  observed  vitread  and  lateral  to  the 

PE  lesion  site.  These  gaps  presumably  correlate  with  missing  axons  that 
were  originally  connected  to  pnotoreceptors  destroyed  by  laser  irradiation. 

In  addition,  electron-dense  axons  were  occasionally  noted  in  the  vicinity 
of  the  lesion  (Figure  5-17).  Such  axons  are  interpreted  as  damaged  or 
necrotic;  and  may  reflect  a response  to  direct  injury  or  to  damiage  or 
destruction  of  their  associated  photoreceptors. 

9)  Structures  similar  to  that  shown  in  Figure  5-18  were  occasiorally 
encountered  at  the  outer  plexiform  layer,  some  200-300  ’^m  from  the  edge  of 
a lesion.  This  structure  probably  represents  a collected  mass  of  necrotic 
cone  pedicles  and  rod  spherules.  On  occasion,  patches  o^  missing  pre- 
synaptic  termini  were  also  detected  laterally  in  the  outer  plexiform  layer. 

Some  further  comments  on  electron  microscopy  of  specimen  51 1C,  OD 
appear  to  be  warranted.  This  eye  had  received  16  experimental  laser 
exposures  (Figure  5-5)  of  which  all  but  5 showed  lesions  at  one  hour,  eight 
days  and  two  weeks  post-exposure.  After  six  months,  only  six  of  the  eleven 
lesions  were  ophthalmoscopical ly  observable.  Four  of  these,  viz.,  those 
induced  by  the  highest  peak  powers,  could  be  located  and  confirmed  by  light 
microscoDy  but  the  other  lesions  could  not  be  seen  at  this  level  of  examination. 
However,  using  EM,  several  additional  areas  which  may  have  been  laser  exposure 
sites  were  detected. 

U1 trastructural  anomalies  observed  in  these  suspect  areas  included 
the  following: 

1)  Apical  pigment  was  absent  from  the  PE  over  a lateral  region  of 
10-15  urn  and  occasionally  as  much  as  ''-30  urn; 

2)  Lipid  droplets  seemed  to  be  concentrated  in  the  PE  within  a 
lateral  distance  of  one  or  two  cells  (’6-30  urn)  of  the  depigmented  area; 

3)  Occasionally,  the  photoreceptor  inner  segments  showed  more  than 
the  usual  intercel  1 ular  spacing  at  the  outer  limiting  membrane  at  sites 
usually  coincident  with  the  phenomena  noted  above. 

It  is  conceivable  that  relatively  low  peak  power  exposures  (i.e., 
near-threshol d)  may  cause  the  destruction  or  damage  of  only  a few  photo- 
receptors. This  degree  of  damage  would  be  difficult  to  detect  at  six 
months  post-exposure  due  to  apparent  expansion  of  adjacent  cells  to  fill 
the  void  left  by  the  destroyed  cells. 
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Longitudinal  Section  Showing  Phagocytized  Material  Vitread  to 
the  Outer  Plexifonn  Layer  (subject  511C,  OD) . This  material 
may  be  debris  of  damaged  or  destroyed  cells  or  organelles 
including  cone  pedicles  and  rod  spherules.  The  structure  is 
"-250  urn  lateral  to  a lesion  site  (X  1 1,050,  neg.  no.  76-532). 


E.  CONCLUSIONS 


As  expected,  electron  microscopy  revealed  in  greater  detail  morphology 
observed  at  the  light  microscopy  level.  Ul trastructural  studies  revealed 
the  formation  of  lipid  droplets  presumably  resulting  <^rom  laser  exposures 
or  in  conjunction  with  long-term  repair  processes  following  laser  exposures. 
Elaboration  of  MLiller  cell  endoplasmic  reticulum  was  observed  in  the  outer 
nuclear  layer  at  some  lesion  sites.  The  results  discussed  above  indicate 
that  most  of  the  damage  observed  at  six  months  post-exposure  is  in  the 
photoreceptors  (outer  and  inner  segments)  and  in  the  outer  nuclear  layer. 

At  the  higher  exposure  levels,  there  is  evidence  of  some  damage  to  the  PE 
but  tne  extent  appears  minor. 

The  1-hour  threshold  for  retinal  damage  in  511C  OD  was  found  to  be 
'440  mW  (peak  pulse  power),  in  good  agreement  with  the  ED5Q  value  of 
\4E0  mW  determined  by  probit  analysis  using  a sample  of  six  eyes,  each 
with  16  exposure  sites(^).  In  contrast,  a 24-hour  damage  criterion  gave 
an  ED50  of  "-210  mw(^).  Examinations  of  51 1C  OD  at  8 days  and  two  weeks 
post-exposure  showed  no  lesions  other  than  those  seen  at  1 hour.  At  six 
months  post-exposure,  only  those  retinal  sites  exposed  to  peak  powers 
>830  mW  (i.e.,  about  twice  the  1-hour  ED50)  were  clearly  visible  at  the 
ophthalmoscopic  level.  Similarly,  examination  of  this  same  eye  by  light 
and  electron  microscopy  revea‘'ed  clear  evidence  of  damage  only  for  peak 
powers  higher  than  830  mW  but  not  at  sites  exposed  to  lower  powers.  Thus, 
it  appears  that  some  degree  of  repair  may  have  occurred  in  this  retina 
over  the  six-month  interval  between  exposure  and  sacrifice. 
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PART  II 

OCULAR  EFFECTS  OF  ULTRAVIOLET  LASER  RADIATION 


CHAPTER  6 


BACKGROUND 
Joseph  A.  ZucI ich 


In  the  past  several  years,  numerous  ultraviolet  lasers  possessing 
a wide  variety  of  beam  parameters  have  become  commerically  available. 

These  include  continuous  wave  (cw)  lasers  such  as  argon-  and  krypton-ion 
lasers,  short  pulsewidth,  high  power  units  such  as  nitrogen  gas  lasers 
and  various  solid  state  and  tunable  dye  lasers  which,  with  frequency 
doubling,  yield  wavelengths  as  short  as  250  nm.  Existing  safety  stand- 
dards(l»2)  have  not  anticipated  the  wide  ranges  of  beam  parameters 
available  with  these  lasers.  The  suggested  standards  for  far-UV 
radiation  (200-300  nm)  are  based,  in  part,  on  corneal  threshold  studies 
with  non-coherent  radiation  sources(^»'^)  and  thus  have  some  experimental 
basis.  In  the  near-UV  (300-400  nm)  range,  however,  there  is  a paucity 
of  experimental  threshold  data  even  for  non-coherent  sources  and  the 
safety  standards  appear  to  be  based  on  the  assumption  that  any  corneal 
damage  would  be  thermal  in  nature.  Permissible  exposure  levels  for  the 
near-UV  are  quoted  only  for  the  cornea  and  then  only  for  single  pulse 
exposures,  with  the  quoted  maximum  permissible  exposure  (MPE)  applying 
to  any  wavelength  in  the  range  of  315-400  nmn,2)_ 

Recently,  several  papers  have  appeared  on  ocular  damage  induced  by 
near-UV  radiation.  Ebbers  and  Sears(j)  reported  on  corneal  damage 
induced  in  the  rhesus  eye  by  the  325  nm  output  of  a helium-cadmium  laser. 
They,  as  well  as  MacKeen,  et  al.(6),  also  noted  cataract  formation  induced 
by  the  helium-cadmium  laser.  Further,  Zigman,  et  al.(7,B)  have  reported 
pathologies  in  the  lenses  and  retinae  of  mice  subjected  to  repeated 
exposures  of  non-coherent  near-UV  radiation.  From  these  studies  it  is 
clear  that  in  addition  to  corneal  hazards,  there  are  potential  lenticular 
and  retinal  hazards  from  near-UV  radiation.  Little  evidence  is  available 
regarding  the  mechanism  for  damage  at  each  site  and,  thus,  little 
experimental  support  exists  for  any  safety  standard  which  attempts  to 
set  MPE  levels  for  wide  ranges  of  beam  parameters. 

The  UV  segment  of  the  electromagnetic  spectrum  is  somewliat  arbitrarily 
divided  into  three  wavelength  regions  commonly  referred  to  as  the  near-UV 
(300-400  nm),  far-UV  (200-300  nm)  and  vacuum-UV  (4-200  nm).  This  investi- 
gation has  dealt  specifically  with  ocular  hazards  of  near-UV  radiation 
although  many  of  the  mechanistic  considerations  should  apply  equally  well 
to  the  far-UV  portion  of  the  spectrum.  Radiation  in  these  wavelength 
regions  is  absorbed  by  chromophoric  sites  normally  found  in  proteins  and 
nucleic  acids  as  well  as  by  numerous  minor  constituents  of  the  cell  (9,10). 
The  absorbing  chromophores  belong  to  the  class  of  aromatic  molecules  and 
are  characterized  by  delocalization  or  sharing  of  electrons  by  several 
chemical  bonds  resulting  in  low-lying  electronic  energy  levels. 
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Thp  enerqy  of  a single  photon  in  the  near-  or  far-l)V  wavelength 
range  is  such  that  it  can  promote  an  electron  of  the  absorbing  aromatic 
chromophore  to  an  excited  energy  level.  The  transient  excited  state  of 
the  absorbing  molecule  is  highly  labile  and  the  molecule  can  subsequently 
engage  in  a number  of  chemical  reactions  with  its  molecular  neighbors.  The 
resulting  photo- i nduced  products  may  be  incompatible  with  the  normal  func- 
tioning of  the  exposed  system  and  may,  in  time,  lead  to  some  biological 
damage  which  is  observable  at  the  macroscopic  level. 

In  an  earlier  reportUl),  the  molecular  composition  and  absorption 
properties  of  the  components  of  the  primate  eye  were  discussed  and 
potential  damage  sites  from  200-400  nm  radiation  were  pointed  out.  The 
formulation  of  a quantitative  model  for  a photochemical  damage  mechanism 
was  begun  through  a consideration  of  the  electronic  energy  level  schemes 
associated  with  aromatic  molecules  and  the  kinetics  involved  with  UV- 
induced  transitions  between  the  energy  levels.  An  approximate  solution 
was  presented  for  the  number  of  photoproducts  or  "molecular  lesions" 
formed  as  a function  of  the  laser  beam  parameters.  This  solution  was 
valid,  however,  only  in  the  limit  of  long  pulsewidths  (i.e.,  microseconds 
or  greater),  where  the  differential  equations  for  the  populations  of  the 
electronic  energy  levels  could  be  solved  in  the  steady  state  approximation, 
and  with  radiation  intensities  sufficiently  low  that  only  a negligible 
fraction  of  the  absorbing  molecules  were  found  in  excited  states  at  any 
given  time. 

Realizing  that  this  approximate  solution  would  not  suffice  for  the 
entire  spectrum  of  beam  parameters  associated  with  operational  lasers, 
development  of  the  theoretical  model  was  continued  and  a general  solution 
derived  for  a molecular  electronic  energy  level  scheme  consisting  of  a 
ground  state  and  excited  singlet  and  triplet  states! 12).  Numerical 
examples  were  presented  to  illustrate  explicity  the  complicated  dependence 
of  photoproduct  formation  on  the  laser  beam  parameters(12) . 

Although  the  basic  three  level  electronic  energy  level  scheme  is 
thought  to  he  an  adequate  representation  of  the  absorbing  molecule,  the 
exact  formalism  to  be  used  for  quantitative  photochemical  predictions  in 
any  given  case  will  depend  on: 

(1)  whether  the  formation  of  photoproducts  proceeds  through  the 
excited  singlet  state,  the  excited  triplet  state  or  both; 

(2)  whether  the  final  product  is  formed  directly  from  one  or  both 
excited  states  or  if  there  are  intermediate  steps  (and  hence 
additional  transient  species)  involved; 

(3)  whether  single  or  multiple-photon  absorption  processes  are 
involved;  and 

(4)  whether  the  absorbing  species  themselves  are  involved  in  the 
photochemical  reactions  or  if  there  is  energy  transfer  to 
other  molecules  which  are  then  the  reactive  species. 

The  experimental  program  carried  out  concurrently  with  the  theoretical 
modeling  was  designed,  in  part,  to  distinguish  among  these  various  possi- 
bilities. The  material  presented  in  Chapters  7 through  10  covers  the 
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progress  made  towards  identification  of  the  primary  sites  and  mechanisms 
of  near-UV  induced  ocular  damage.  The  results  have  already  answered 
some  of  the  questions  posed  above  and  have  provided  feedback  for  modifying 
and  refining  the  theoretical  model.  In  addition,  the  experiments  and 
theoretical  considerations  reported  here  provide  a basis  for  more  com- 
prehensive safety  standards  for  the  use  of  UV  lasers.  Although  the 
detailed  theoretical  deri vations' ' ^ ^ 2)  are  not  repeated  here,  the 
instances  where  the  experimental  results  contribute  to  the  model  develop- 
ment are  fully  discussed  in  the  following  chapters. 
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CHAPTER  7 


CORNEAL  PAf'WGL JKDUCEp_  B_Y_  NEAR-PV_  LASER  RAD  1_AT  lOJJ 
Joseph  A.  Zuclich 


A . EARLY  E XPERJME NTS 

As  previously  reported(l)  corneal  damage  induced  by  near-lJV  laser 
radiation  appears  to  be  the  result  of  a photochemical  damage  mechanism. 
Initial  experiments  were  carried  out  using  a krypton-ion  laser  emitting 
at  350.7  and  356.4  nm  ('''3:1  intensity  ratio).  It  was  soon  discovered 
that  corneal  epithelial  lesions  are  induced  in  rhesus  monkeys  with  incident 
energy  doses  of  greater  than  70  J/cm^.  Slit  lamp  examinations  revealed 
that  slightly  supra-threshol d lesions  appear  as  well  defined  spots  on 
the  surface  of  the  cornea.  The  spots  have  a fairly  even  texture  when  the 
exposure  is  10%  or  more  above  threshold,  but  exposures  closer  to  the 
threshold  dose  often  yield  a more  "patchy"  appearance.  There  does  not 
appear  to  be  any  significant  depth  associated  with  threshold  lesions. 
Exposures  of  50  or  more  above  threshold  cause  crater-like  effects  which 
apparently  penetrate  several  cellular  layers  of  the  epithelium.  No 
scarring  of  the  corneal  stroma  was  noted  in  any  of  the  exposed  animals. 

The  time  following  exposure  before  a corneal  lesion  becomes  visible 
(with  slit  lamp  observation)  depends  upon  the  energy  dose  delivered 
relative  to  the  threshold  dose.  With  doses  as  high  as  two  to  three  times 
threshold,  the  first  signs  of  lesion  formation  appear  within  one  hour. 

After  several  hours,  the  lesions  generally  develop  a crater-like  appearance 
which  may  persist  for  24-48  hours.  The  crater-like  lesions,  however,  do 
not  penetrate  below  the  epithelium  and  all  signs  of  corneal  damage 
disappea*"  by  48-72  hours  post  exposure. 

With  doses  closer  to  threshold,  no  signs  of  abnormality  are  observed 
in  the  first  6-8  hours  following  exposure.  The  lesions  which  eventually 
appear  do  not  reach  maximum  development  until  12-24  hours  post  exposure 
and,  again,  appear  to  repair  within  48-72  hours.  Based  upon  these  obser- 
vations, an  18  hour  criterion  was  estal)lished  for  the  determination  of 
corneal  lesion  formation  in  threshold  studies. 

Using  the  krypton-ion  laser  (350.7  and  356.4  nm),  corneal  threshold 
determinations  were  carried  out  for  continuous  exposures  (i.e.,  single 
pulses)  of  18,  30  and  45  seconds.  The  exposure  energy  required  to  induce 
corneal  lesions  was  approximately  70  J/ciir’  in  each  instance.  This  reci- 
procity is  predicted  by  a photochemical  model  (A?)  but  is  not  consistent 
with  expectations  for  a purely  thermal  damage  mechanism.  Thermal  model 
calculations  using  a version  of  the  IITRI  program(3)  indicate  that 
irradiated  corneal  tissue  would  reach  a virtual  thermal  equilibrium  state 
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after  several  seconds  of  continuous  irradiation.  The  predicted  peak 
temperature  is  directly  proportional  to  the  intensity  of  the  radiation 
source.  Thus,  the  peak  temperature  increase  resulting  from  the  threshold 
dose  of  66  J/cm-’  for  45  sec  exposures  to  .150  nm  radiation  would  be 
whereas  that  for  the  threshold  dose  of  72  J/cm^  for  18  sec  exposures  would 
be  '^.24'>C. 

Using  the  results  summarized  above  as  a starting  point,  additional 
experiments  were  carried  out  to:  (1)  provide  further  evidence  that  the 
observed  corneal  damage  is  indeed  the  result  of  a photochemical  damage 
mechanism;  (2)  gain  some  insight  into  the  molecular  nature  of  the  damage 
mechanism;  (3)  provide  input  for  further  theoretical  modeling,  especially 
with  regard  to  wavelength  dependence  and  molecular  rate  constants  required 
to  make  quantitative  predictions;  (4)  identify  conditions  where  mechanisms 
other  than  photochemical  appear  to  contribute  to  the  observed  damage,  or 
where  ocular  tissues  other  than  the  cornea  have  the  greatest  sensitivity 
to  IJV  radiation,  thereby  establishing  limits  on  the  ranges  of  beam  para- 
meters for  which  any  theoretical  photochemical  model  can  be  reliably  used 
for  predictive  purpose;  and  (5)  point  out  instances  where  existing  laser 
safety  standards  for  the  use  of  UV  lasers('^>5)  do  not  appear  to  provide 
an  adequate  margin  of  safety. 


B . EXJER  IML_NT_A_L 

The  subjects  used  in  these  experiments  were  rhesus  monkeys  (Macaca 
mulatta)  generally  ranging  in  age  from  two  to  three  years  and  in  weight 
from  two  to  four  kilograms.  The  animals  were  maintained  and  the  experiments 
conducted  in  accordance  with  procedures  outlined  in  the  "Guide  for  Laboratory 
Animal  Facilities  and  Care",  National  Academy  of  Sciences  - National  Research 
Council.  The  pupils  were  dilated  with  a topical  application  of  atropine 
(1-  atropine  sulfate)  administered  up  to  24  hours  prior  to  exposure.  The 
animals  were  pre-anestheti zed  with  an  intramuscular  injection  (0.1  cc  per 
kilogram  weight)  of  ketamine  hydrochloride  (100  mg/ml)  and  anesthetized 
with  an  intravenous  injection  (0.5-1.00  cc  per  kilogram)  of  sodium 
pentobarbital  (50  mg/ml).  During  exposure  and  observation  the  eyelids 
were  held  open  by  a wire  speculum.  Corneal  drying  was  prevented  by 
periodic  irrigation  with  normal  saline.  Observations  of  the  corneas  and 
lenses  of  the  subjects  were  made  with  a Nikon  "Zoom-Photo"  slit  lamp 
microscope.  Retinal  examinations  were  carried  out  with  a Zeiss  fundus 
camera . 

Ultraviolet  laser  sources  used  were  as  follows:  Spectra  Physics 

154-01  krypton-ion  laser  with  cw  oiitput  simultaneously  at  350.7  and 
356.4  nm  ( v3:l  intensity  ratio)  and  a maximum  UV  output  of  "i-lOO  mW; 

Coherent  Radiation  500K  krypton-ion  laser  emitting  at  the  same  wavelengths 
but  with  a maximum  UV  output  of  only  ''50  mW;  Spectra  Physics  170  argon-ion 
laser  with  cw  output  simultaneously  at  351.1  and  363.8  nm  ('1:1  intensity 
ratio)  and  a maximum  UV  output  of  ''-I  W;  Mnlectron  UV-1000  nitrogen  laser 
emitting  at  337.1  nm  with  a nominal  10  nsec  pulsewidth,  pulse  repetition 
rate  variable  to  50  Hz  and  a peak  power  of  d megawatt. 
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A ?;chemat,ic  dia^rdin  for  thp  kryfiton  and  argon  laser  experiments  is 
shown  in  Figure  7-1.  The  arrangement  for  the  nitrogen  laser  experiments 
was  similar  but  involved  focusing  of  the  beam  with  a quartz  lens  as 
discussed  below.  The  subjects  were  positioned  with  the  aid  of  a Spectra 
Physics  lf)5  helium-neon  (''•0.5  mW)  alignment  laser  arranged  so  that  the 
beam,  after  reflection  off  a beamsplitter,  was  col  inear  with  the  UV  laser 
beam.  Intensity  profiles  were  measured  with  a beam  scan  apparatus  con- 
sisting of  an  FfiftG-SGDlOOA  photodiode  mounted  on  a micrometer  translation 
stage  driven  by  a synchronous  motor.  Spatial  resolution  of  the  scans 
was  limited  by  a 50  |im  diameter  aperture  attached  directly  to  the  front 
face  of  the  photodiode.  The  voltage  output  of  the  photodiode  was  traced 
on  an  X-Y  recorder.  A typical  beam  scan  obtained  in  this  way  is  shown 
in  Figure  7-2,  the  profile  being  essentially  Gaussian  in  spatial  distribution. 

The  corneal  spot  size  is  defined  as  the  beam  diameter  at  the  l.^e^ 
points  as  measured  at  the  appropriate  distance  from  the  output  mirror  of 
the  laser.  Usually,  a single  pulse  or  train  of  pulses  was  delivered  to 
the  center  of  each  cornea.  Determination  of  corneal  or  lenticular  lesion 
foniiation  was  made  by  slit  lamp  observation  at  ''■18  hours  post-exposure. 

The  power  output  of  the  krypton  and  argon  lasers  was  controlled  by 
varying  the  current  through  the  plasma  tube.  F’ower  measurements  were 
made  with  a Scientech  3600  laser  power  meter,  the  output  of  which  was 
coupled  to  a Keithley  149  mi  1 1 i -mi crovol tmeter.  The  power  mete*'  and  volt- 
meter were  calibrated  as  a unit  every  three  months  using  sources  and 
procedures  traceable  to  MBS  standards.  Power  measurements  taken  immediately 
before  and  after  each  animal  exposure,  were  usually  identical  and  were 
averaged.  The  duration  of  the  exposures  v/as  controlled  with  an  electron- 
icallv  triggered  mechanical  shutter.  When  required,  trains  of  pulses  were 
generated  by  triggering  the  shutter  at  the  desired  frequency  or,  for 
pulsewidths  shorter  than  one  second,  by  interposing  a mechanical  chopping 
wheel  between  the  laser  and  the  subject.  In  the  latter  case,  the  pulse- 
width  was  monito.-ed  during  the  exposure  by  reflecting  'vlO  of  the  chopped 
beam  from  the  beamsplitter  onto  a photodiode  whose  output  was  coupled  to 
a Monsanto  lOlC  or  Systron-Donner  7034  counter/timer . The  slots  and 
spokes  of  the  chopping  wheel  were  of  equal  width  so  that  all  pulse  train 
exposures  were  at  50%  duty  cycle. 

The  procedure  for  moni torinq  the  output  of  the  nitrogen  laser  was 
complicated  by  the  short  (<10  nsec)  pulsewidth  and  asymmetric  beam 
profile.  The  beam  of  the  nitrogen  laser  had  dimensions  of  6x25  mm  at 
the  output  aperture  of  the  laser,  necessitating  the  use  of  a quartz  lens 
(250  nm  focal  length)  to  focus  the  beam  at  the  surface  of  the  cornea  of 
each  subject.  This  is  shown  in  schematic  form  in  Figure  7-3.  Intensity 
profiles  were  measured  in  the  focal  plane  using  the  beam  scan  apparatus 
described  above.  This  was  accomplished  by  pulsing  the  nitrogen  laser 
at  lOHz,  monitoring  the  photodiode  output  with  a fast  oscilloscope  and 
recording  the  relative  intensity  at  25  or  50  pm  intervals  of  translation. 
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( it)ure  7-4  iHustratos  a horizontal  beam  scan  obtained  in  this  manner. 

It  is  seen  that  although  the  overall  beam  diameter  v/as  ''•2.5  mm,  the  scan 
reveals  two  lobes  with  a deep  trough  between.  Thus,  the  cross-sectional 
orofile  was  composed  of  two  elliptically  shaped  lobes  and  corneal  doses 
were  averaged  over  both  lobes.  Beam  scans  in  the  vertical  direction  through 
the  peak  of  each  lobe  are  shown  in  Figure  7-5. 

For  purposes  of  defining  a corneal  spot  size,  the  axial  lengths  of 
each  ellipse  were  taken  as  the  1/e^  points  of  each  lobe  of  Figure  7-4, 
and  the  respective  vertical  scans  of  Figure  7-5.  The  areas  of  the  two 
ellipses  were  ,3x10"^  cm^  and  2x10”^  cm^  (corresponding  to  the  left  and 
right  hand  lobes  of  Figure  7-4  respectively).  This  yields  an  effective 
corneal  spot  size  of  5x1 0'^  cm^. 

The  pulsewidth  and  peak  power  output  of  the  nitrogen  laser  were  essen- 
‘ially  constant  for  all  runs.  The  pulsewidth,  as  measured  with  a Spectra 
Ftiysics  403  high-speed  light  detector  coupled  to  a Hewlett  Packard  184A 
oscilloscope,  was  ->5  nsec  at  half  maximum  and  '-10  nsec  at  the  base.  For 
exppriments  reported  here  the  pulse  repetition  frequency  was  fixed  at 
10  Hz.  Threshold  data  were  generated  by  varying  the  pulse  train  length, 
i.e.,  the  number  of  pulses  delivered  to  each  eye.  The  average  power  output 
of  the  laser  at  10  Hz  repetition  rate  vias  measured  with  a calibrated  laser 
power  meter,  as  described  above.  The  number  of  pulses  delivered  to  the 
cornea  was  determined  by  a photodiode  coupled  to  a counter/timer. 

In  order  to  facilitate  e.xperiments  involving  long  exposure  times 
(10^  and  10'*  sec),  the  optical  path  of  the  Coherent  Radiation  CR-500K 
krypton-ion  laser  beam  was  arranged  so  that  four  eyes  (two  rhesus  subjects) 
could  be  exposed  simultaneously.  A schematic  diagram  of  the  setup  is 
shown  in  Figure  7-6.  A series  of  four  pellicles  (2-8  lun  in  thickness) 
deflected  a fraction  of  the  beam  onto  the  cornea  of  each  subject  eye.  The 
two  subjects  were  positioned  so  that  the  optical  pathlengths  from  the  laser 
head  to  the  respective  corneal  planes  were  equal.  Therefore,  equal  laser 
spot  sizes  (1.9  nm  diameter)  were  obtained  at  each  cornea.  Despite  the 
invisibility  of  the  UV  laser  beam,  the  specific  area  of  the  cornea  being 
irradiated  was  readily  identified  by  the  "spot"  of  visible  scattered 
light  emanating  from  the  corneal  surface.  If  the  subject  eye  drifted 
during  the  exposure  so  that  a change  in  the  position  of  the  irradiated 
"spot"  relative  to  the  pupil  was  detected,  the  data  from  that  eye  were 
discarded. 

The  intensities  of  the  beam  deflected  by  each  of  the  four  pellicles 
were  measured  before  and  after  each  exposure  with  a Scientech  3600  laser 
power  meter,  the  output  of  which  was  coupled  to. a Keithley  150B  microvolt/ 
anrieter.  During  the  exposures,  the  power  output  of  the  laser  was  continuously 
monitored  by  measuring  the  intensity  of  the  beam  transmitted  through 
the  entire  pellicle  train  using  a photodiode  connected  to  a strip-chart 
recorder.  In  this  way,  tlie  calculated  energy  doses  delivered  to  each 
cornea  could  be  corrected  for  any  changes  in  the  laser  output  during  the 
exposures.  However,  'iuch  power  drifts  were  negligible  for  all  experiments 
reported  here. 
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Horizontal  Direction. 


FIGURE  7-5.  Beam  Scans 
(A  correspi 


nuritu)  tlip  exposures,  a single  sut,ure  was  used  to  hoWI  back  the  u[)p(>r 
lid.  The  corneas  were  irrigated  with  normal  saline  at  1-2  minute  intervals. 
In  order  to  minimize  the  tedium  associated  with  this  0(>eration,  a syringe 
delivery  system  was  devised  to  simultaneously  direct  streams  of  saline  onto 
each  of  the  four  corneas. 


C . Rf  SjA  TS 

A slit  lamp  photograph  of  a severe  corneal  lesion  is  shown  in  figure 
7-7.  The  lesion  was  photographed  at  18  hours  following  exposure  to  an 
energy  dose  of  approximately  ten  times  threshold.  In  order  to  examine 
such  lesions  at  the  cellular  level,  several  animals  were  sacrificed  and 
histopathologic  evaluations  of  tiie  corneal  lesions  carried  out.  figure  7-8 
shows  the  edge  of  an  epithelial  lesion  in  a region  of  the  cornea  exposed  to 
a dose  of  120  J/cm^  (i.e.,  approximately  twice  threshold).  The  outer 
cellular  layers  in  the  lesion  area  were  more  flattened  than  in  the  unirra- 
diated area  and  the  epithelial  thickness  was  reduced  considerably  compared 
to  normal  tissue,  figure  7-9  illustrates  a view  of  the  damaged  tissue  near 
the  center  of  the  lesion  area.  The  cells  of  the  epithelial  basal  layer 
were  swollen  and  distorted.  The  flattened  cells  of  the  squamous  layer  took 
up  much  more  eosin  stain  than  cells  in  unirradiated  areas  of  the  cornea. 

Thus,  the  damage  extended  through  all  layers  of  the  corneal  epithelium. 

Corneal  epithelial  thresholds  were  determined  for  single-pulse  expo- 
sures to  krypton-  and  argon-ion  lasers  with  varying  exposure  times.  Approx- 
imately 25-30  eyes  were  exposed  for  each  threshold  determination.  The 
dose-response  plot  for  the  120  sec  data  is  shown  in  figure  7-10  and  is 
typical  for  this  series  of  experiments  in  that  there  is  a sharply  defined 
threshold  with  only  a few  data  points  not  in  accord.  Dose-response  plots 
for  all  other  corneal  thresholds  discussed  in  this  report  have  been  pre- 
sented in  interim  reports ( 1 »R~1 ?)  and  are  not  reproduced  here.  The  thresholds 
and  confidence  limits  were  calculated  by  the  method  of  ('robit  analysis(^>^) . 
The  results  for  single-pulse  exposures  are  summarized  in  Table  7-1. 

The  corneal  threshold  for  continuous  30  sec  exposures  to  the  argon-ion 
laser  (351.1  and  363.8  nm)  was  82  ' 23  d/cm^,  compared  to  the  value  of 
66  • 8 J/cm^  found  for  a 30  sec  exposure  to  the  kry[)ton-ion  laser  (350.7 
and  356.4  nm).  When  the  wavelength  dependence  of  UV-induced  corneal  damage 
is  taken  into  account,  these  two  thresholds  are  found  to  be  in  close  agree- 
ment. This  is  discussed  more  fully  in  Chapter  9.  for  a 4 second  exposure 
to  the  argon  laser,  the  threshold  was  96  • 14  J/cm^.  However,  under  these 
conditions,  cataracts  were  induced  at  a slightly  lower  threshold  (see 
rhaptc>"  10)  than  corneal  damage  and,  in  fact,  interfered  with  the  slit 
lamp  observations  of  the  corneal  lesions,  for  1 sec  exposure  times  the 
corneal  threshold  appears  to  be  in  the  range  of  80-90  J/cm^  whereas  the 
lenti'’ular  threshold  is  significantly  lower.  Because  of  the  interference 
by  cataracts  with  corneal  observations,  a quantitative  determination  of  the 
corneal  thresholds  for  1 sec  exposures  was  not  attempted. 
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FIGURE  7-7 

f 


Slit  lamp  Photoqraph  Showinq  Corneal  Lesion  Induced  by  Near-UV 
Output  of  Krypton  Laser.  Energy  dose,  '^•650  J/ciii'’.  Corneal 
spot  size,  ''■2  niin.  The  bright  spot  to  the  left  of  the  lesion 
is  the  reflection  of  tlie  slit  lani|)  source  from  tlie  corneal 
surface. 
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FIGURE  7-8.  Photomicrograph  of  Corneal  Tissue  in  Region  Exposed  to  Near-UV 
Output  of  Krypton  Laser.  Corneal  dose,  120  J/cm^.  Corneal 
spot  size,  1.3  mm  diameter.  Tissue  fixed  in  gl utaral dehyde 
in  cacodylate  buffer  and  stained  with  hematoxylin  and  eosin. 
Photomicrograph  shows  edge  of  lesion  area.  The  tissue  shown 
in  the  right  half  of  the  photograph  is  in  the  region  exposed 
to  the  laser  radiation.  The  epithelial  thickness  is  reduced 
significantly  relative  to  that  of  the  unirradiated  tissue  shown 
at  the  left  edge  of  the  photograph.  The  debris  seen  just  above 
the  epithelial  surface  is  an  artifact  of  the  tissue  processing. 
Magnification,  290X. 
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FIGURL  7-10.  Dose-response  Plot  for  120-second  Continuous  exposures  to  the 
Neur-IIV  0ut[)ut  of  Krypton-ion  Luser.  Corneal  spot  size, 

1.3  mm  diameter;  31  eyes.  Cach  corneal  examination  is  recorded 
as  a lesion  or  no  lesions  datum  (left  hand  scale).  The  solid 
curve  is  the  probability  of  damaqe  (riqht  hand  scale).  The 
abscissa  is  calibrated  both  in  terms  of  energy  dose  delivered 
to  the  cornea  (lower)  and  the  laser  power  incident  at  the  cornea 
(upper). 
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lAliLL  7-1. 


SUMMARY  or  THRESHOLD  IRRADIAHCES  FOR  CORNEAL 
EPITHELIAL  LESIONS  INDUCED  BY  KRYPTON-ION  LASER 
(350.7  and  356.4  nni) 


J’ilJ Ise  Exp osures 


Exposure  Time 
(sec) 

Radiant  Exposure 
( J/cm^ ) 

I rradiance 
( W/jmi-’’ ) 

10'' 

26  * l('3) 

2.6xl0'3 

1Q3 

21  ' 4 

2.1xl0'2 

120 

53  ' 8 

0.44 

45 

62  i 6 

1.4 

30 

66  ± 8 

2.2 

30 

82  ± 23(*^’^) 

2.7 

18 

66  i 8 

3.6 

4 

96  i 

24 

(a)  95%  confidence  limits 

calculated  from  slope 

of  probit  line. 

(b)  Argon-ion  laser  (351.1  and  363.8  niii). 

(c)  Threshold  normalized  to  wavelengths  emitted  by  krypton-ion  laser  is 
67  J/cm^  (see  Chapter  9). 

(d)  Threshold  nonnalized  to  wavelengths  emitted  by  krypton-ion  laser  is 
79  J/cm^  (see  Chapter  9). 


7-16 


The  epithelial  threshold  found  for  continuous  lO’  sec  exposures  v/as 
21  • 4 J/cm^,  a significant  decrease  from  the  thresholds  listed  in  Table  7-1 
for  shorter  exposure  times,  for  10'‘  sec  exposures,  the  threshold  was  26  ' 

0.5  d/cm-^.  The  experimental  apparatus  shown  in  figure  7-6  was  used  for 
these  two  threshold  detenni nations . 

Corneal  thresholds  were  also  determined  for  multiple-pulse  krypton 
laser  exposures  with  pulsewidths  ranging  from  250  nsec  to  1 sec.  In  each 
case,  the  pulse  train  length  was  30  sec  at  50  duty  cycle,  lee  threshold 
data  are  suiiinarized  in  Table  7-2  which  also  lists  the  irradiance  per  [uilse 
delivered  to  the  cornea  and  the  calculated  irradiance  which  would  be  required 
to  deliver  the  respective  threshold  dose  with  a single  pulse  oi  the  same 
pulsewidth. 

The  threshold  for  exposure  to  trains  of  10  nsec  pulses  from  the 
nitrogen  laser  (337.1  nm)  was  found  to  be  8.4  * 3.3  J/cm^.  The  appearance 
of  the  corneal  lesions  induced  by  the  nitrogen  laser  is  different  from 
those  induced  by  the  krypton-ion  laser,  in  that  the  former  show  indications 
of  mechanical  tearing  or  fracture  of  the  epithelial  layer. 


D.  DJSai^IOjl 

The  corneal  epithelial  threshold  data  presented  in  Tables  7-1  and 
7-2  are  plotted  in  Figure  7-11  as  single-pulse  irradiance  vs.  pulsewidth. 

With  the  pxception  of  the  extreme  pulsevndths  (10”^  sec  nitrogen  threshold, 
and  10‘  and  10'*  sec  krypton  thresholds),  the  data  fall  very  close  to  a 
straight  line  representing  an  energy  dose  of  ">'67  J/cin'  delivered  to  the 
cornea.  The  fact  that  the  product  of  threshold  intensity  and  the  pulsewidth 
is  a constant  (reciprocity  relationship)  supports  the  postulate  that  the 
corneal  epi*^helial  damage  mechanism  is  a photochemical  process!  K1 3) . 
Moreover,  the  primary  mechanism  appears  to  involve  a single  photon  absorption 
process  since  the  threshold  is  linearly  dependent  on  both  pulsewidth  and 
intensity.  It  should  be  noted  that  the  thresholds  for  multiple-pulse 
exposures  are  in  agreement  with  those  for  single-pulse  exposures.  This 
clearly  demonstrates  the  cumulative  effect  of  repetitive  pulses  and  provides 
further  support  for  the  hypothesis  of  a photochemical  mechanism.  These 
resiilts  are  in  distinct  contrast  with  what  would  be  expected  for  a thermal 
damage  mechanism  since  the  time  between  successive  pulses  (up  to  1 sec) 
should  permit  considerable  thermal  relaxation!^)  of  the  irradiated  tissue 
and  preclude  a cumulative  thermal  build-up. 

Further  evidence  for  the  hypothesis  of  a photochemical  damage  mechanism 
is  offered  by  the  fact  that  the  damage  threshold  appears  to  de(>end  upon  the 
ambient  oxygon  concentration.  Experiments  conducted  in  an  oxygen-deficient 
atmosphere  (i.e.,  flushing  the  corneas  wi th  ni trogen  gas)  indicate  a dramatic 
increase  in  the  incident  energy  dose  required  to  produce  corneal  epithelial 
lesions  (see  Chapter  8). 
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SUMMARY  OF  THRFSHOLO  I RRAOI AUCl  S FOR  CORNLAL 
LRIFFIFLIAL  LLSIONS  IFJDUCFD  BY  KRYPTON-ION  LASFR 
(350.7  and  356.4  nm) 


Multiple-Pulse  txposures 
(30-sec  Pulse  J ra_i ns;  50"'  Duty  Cyc1  ej 


P ul sewi dth 
(msec) 

Radiant  Lxposure 
( J/cm^ ) 

1 rradiance 
(Per  Pulse) 
. .(W_/cm2]_ 

Number  of 
Pulses 

Calculated  I rradiance 
for  Threshold  Dose 
Delivered  in  Single 
Pulse  (>l/cm^) 

10^ 

66 

( g('J) 

4.4 

15 

66 

20 

67 

' 6 

4.4 

7.5<<10^ 

3.3-10'' 

5 

63 

* 10 

4.2 

3x10^ 

1.3x10' 

2 

71 

‘ 15 

4.8 

7.5x10^ 

3.6x10" 

1 

67 

• 12 

4.5 

1.5x10" 

6.8x10" 

0.5 

71 

' 10 

4.7 

3x10' 

1.4x10^ 

0.25 

64 

» 12 

4.3 

6x10" 

2.6x10'^ 

10-' 

8.4 

• 33^*^^ 

1.  IxlO'^ 

8(cJ) 

8.8xl0« 

(a)  95  confidence  limits  calculated  from  slope  of  probit  line. 

(b)  Duty  cycle,  10"^. 

(c)  Nitropen  laser  (337.1  nm). 

(d)  Pulse  train  length,  0.9  sec. 


Experimental ly  De 
eniiissible  Exposu 


Oespit.o  the  strong  evirlence  for  a [)hotoch(?mica I damage  mechanism, 
it  should  not  be  assumed  that  the  threshold  irradiance  vs.  pulsewidth 
curve  (Fig.  7-11)  for  single  pulses  can  be  extrapolated  to  exposure  times 
much  loss  that>  four  seconds,  since  for  shorter  pulsewidths,  it  is  possible 
that  the  higher  peak  powers  would  be  sufficient  for  thermal  damage  to  occur 
with  lower  energy  doses  than  required  to  induce  photochemical  damage. 

Further,  the  constant  energy  relationship  would  be  expected  to  hold  only 
as  long  as  the  exposure  times  are  long  compared  to  the  lifetimes  of  any 
transient  species  which  may  be  precursors  of  the  photoproducts^ ) . 

Finally,  at  very  high  [»eak  powers,  additional  [irocesses  such  as  multi- 
photon absorption,  dielectric  breakdown  or  acoustic  shock  may  be  involved 
in  the  primary  damage  mechanism.  In  fact,  the  threshold  for  10  nsec  pulses 
obtained  from  the  nitrogen  laser  (1  megawatt  peak  power)  is  nearly  an  order 
of  magnitude  lower  than  67  d/cm^,  indicating  that  in  this  case,  some  other 
mechanism  is  more  efficient  than  the  presumed  photochemical  process. 

Also  shown  in  Figure  7-11  is  the  corneal  maximum  permissible  exposure 
(Mf’E)  suggested  by  the  American  National  Standards  Institute  for  315  to 
400  nm  radiation!'^).  The  ANSI  standard  follows  a 1 J/cm^  line  for  exposure 
times  up  to  1000  sec.  For  longer  exposure  times,  the  presently  recommended 
MPE  approaches  a constant  irradiance  of  1 mW/cm''.  This  trend  is  qualitatively 
consistent  with  predictions  based  on  thermal  damage  mechanismsl^’^'^) . How- 
ever, our  data  for  long  exposure  times  indicate  that  IJV-induced  corneal 
damage  involves  a photochemical  mechanism  and  such  effects  are  generally 
regarded  to  be  cumulative  at  least  over  times  necessary  to  effect  a repair 
or  replacement  of  the  damaged  tissue.  In  this  instance,  the  only  available 
guidelines  that  indicate  the  period  of  time  over  which  radiation  doses  may 
be  cumulative  are  the  data  presented  here  on  development  and  repair  of  the 
laser-induced  corneal  lesions  and  some  early  work  on  effects  of  non-coherent 
UV  radiation  by  Verhoeff,  et  al.(15).  Based  on  these  results,  it  seems 
prudent  to  assume  that  the  effects  of  near-lJV  radiation  on  corneal  tissue 
will  be  cumulative  over  a period  of  24-48  hours. 

In  any  event,  the  data  for  10  ‘ and  10'*  sec  ex[)osures  clearly  indicate 
that  the  threshold  irradiance  vs.  pulsewidth  curve  does  not  level  off  at 
10^  sec  as  suggested  bv  the  ANSI  standard.  Indeed,  close  examination  reveals 
that  there  appears  to  be  a slight  decreasing  trend  of  threshold  energy  dose 
with  increasing  exposure  time.  There  does  not  appear  to  be  any  theoretical 
basis  for  this  trend  within  the  context  of  a photochemical  model.  Rather, 
it  is  assumed  that  the  detrimental  corneal  effects  which  accrue  during  long 
exposures  with  repeated  saline  irrigations  account  for  the  enhanced  corneal 
sensi ti vi ty. 

The  trend  of  decreasing  threshold  energy  with  increasing  exposure  time 
can  be  seen  in  Figure  7-12  where  the  long  pulsewidth  (-1  sec)  portion  of 
Figure  7-11  is  plotted  on  an  exjjanded  scale.  The  slope  of  the  experimental 
curve  is  steeper  than  that  of  an  equal  energy  curve  (e.(j.,  the  ANSI  MI'I 
curve  for  I-IOOD  sec)  and  intersects  the  "•econKne tided  constant  irradiance 
..egment  of  the  ANSI  curve  at  ''2x10'*  sec.  In  contrast,  the  67  vl/cm  curve 
of  Figure  7-11  would  ititersect  the  1 mW/cm’  ANSI  curve  at  .9x10'*  sec.  Thus, 
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the  experimental  results  suqtjest  that  for  exposure  times  cjreater  than 
?xlO"  sec,  the  AtlSl  MPF  may  be  hiqher  than  the  experimental  thresholds 
for  corneal  epithelial  damage.  The  threshold  of  ?6  J/cnf’  found  for  10'* 
sec  exposures  is  only  a factor  of  2.6  above  the  ANSI  corneal  MPE  for 
this  exposure  time.  This  does  not  appear  to  be  an  adequate  margin  of 
safety,  especially  in  view  of  the  significant  changes  in  threshold  with 
wavelength  discussed  in  Chapter  9.  Thus,  on  the  basis  of  near-UV  corneal 
threshold  data  for  exposure  times  of  up  to  10'*  sec,  it  is  recommended 
that  the  near-UV  corneal  MPE  should  be  extended  along  the  equal  energy 
curve  (1  J/cm^)  to  exposure  times  of  at  least  10‘>  sec. 
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CHAPTER  8 


OXYGEN  DEPENDENCE  OE  NEAR-UV  INDUCED  CORNEAL  DAMAGE 
Joseph  A.  Zuclich  and  William  E.  Kurtin* 


A.  INIROUUCTION 

Harmful  effects  of  near-ultraviolet  (320-400  nm)  radiation  on  cells 
have  been  widely  reported  in  recent  years(i-3).  Such  studies  have  generally 
dealt  with  strains  of  bacteria  and  have  used  end  points  such  as  percentage 
of  cell  lethal  i ty('^)  or  mutagenic!  ty(5, 6)  to  define  the  nature  and  extent 
of  the  damage.  Aside  from  the  work  discussed  in  this  volume,  reports  on 
the  effects  of  near-UV  radiation  on  ocular  tissues  are  few  in  number,  and 
primarily  involved  exposiire  to  1 ow- i ntensi ty  broad-band  light  sources  over 
prolonged  periods(7-B) . However,  two  recent  papers  have  discussed  corneal 
and  lenticular  damage  induced  by  325  nm  radiation  from  hel i um-cadmi urn 
lasers(9«10) . The  work  reported  here  is  concerned  with  ocular  hazards  of 
near-UV  argon-ion  laser  radiation  in  primates.  In  particular,  the  most 
sensitive  ocular  tissue  for  the  exposure  parameters  of  interest  has  been 
found  to  be  the  epithelial  layer  of  the  cornea  (Chapter  7).  The  end  point 
used  to  define  damage  is  the  observation  of  a macroscopic  corneal  lesion 
(analogous  to  a skin  erythema),  although  in  some  instances  histopathologic 
examination  has  been  carried  out  to  describe  the  damage  at  the  microscopic 
level.  The  lesions  appear  as  opacities  on  the  surface  of  the  cornea,  the 
shape  of  the  lesion  being  characteristic  of  the  laser  beam  dimensions. 

Chapter  7 of  this  report  discussed  the  induction  of  corneal  epithelial 
damage  in  rhesus  monkeys  exposed  to  the  near-UV  output  (350.7  and  356.4  nm) 
of  a krypton-ion  laser.  A corneal  irradiance  of  2.2  W/cm^  is  sufficient 
to  induce  observable  lesions  with  30  sec  exposiires.  When  the  exposure 
duration  is  varied,  the  threshold  irradiance  correspondingly  changes  in 
such  a way  that  the  total  energy  dose  remains  at  '^60-70  J/cm^-.  This  reci- 
pi^ocity  relationship  between  laser  intensity  and  pulsewidth  is  taken  as 
evidence  that  the  observed  damage  is  the  result  of  a single-photon  photo- 
chemical process.  This  hypothesis  is  further  supported  by  the  fact  that 
the  effects  of  repetitive  exposures  are  cumulative  while  the  threshold 
energy  dose  remains  constant  over  wide  ranges  of  pulsewidths  and  pulse 
repetition  rates.  Threshold  data  were  obtained  for  multiple-pulse  exposures 
with  pulsewidths  ranging  from  250  usec  to  1 sec  as  well  as  single-pulse 
exposures  with  durations  of  4 to  10“  sec.  The  threshold  dose  is  essentially 
constant  over  this  range  of  pulsewidths  with  an  average  value  of  67  J/cm'. 
Tin's  value  is  of  the  same  order  of  magnitiide  as  observed  breaks  in  survival 
curves  of  cell  cultures  exposed  to  365  nm  radiation( ^ I ' . 


* National  Science  foundation  faculty  Research  Participant,  Sumner  1975. 
Permanent  address:  Department  of  Chemistry,  Trinity  University,  San 
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In  ordor  to  further  eliiciclrite  :tie  ndtiire  of  fhe  photo- i nduced  doiiidqe 
in  ftte  epitnelidl  cells,  th..>  effect  of  oxyqen  concentration  at  the  corneal 
surface  has  been  investigated.  A marked  oxygen  enhancement  in  the  photo- 
inactivation of  hacteri  il  cells  by  near-UV  light  has  beeti  reported(^).  A 
similar  oxygon  dependeere  of  near-lJV  lethality  was  recently  reported  for 
two  mammalian  cell  linesii^).  The  experiments  described  below  were  designed 
to  test  for  a possible  oxygen  dependence  of  the  production  of  corneal 
epithelial  lesions. 


B.  LXPLRIMtjJTAL  METHODS 

The  subjects  used  in  these  experiments  were  rhesus  monkeys  (Macaca 
mulatta)  generally  ranging  in  age  from  two  to  three  years  and  in  weight 
from  two  to  four  kilograms.  The  animals  were  maintained  and  the  experiments 
conducted  in  accordance  with  procedures  outlined  in  the  "Guide  for  laboratory 
Animal  Facilities  and  Care",  National  Academy  of  Sciences  - National  Research 
Counc i 1 . 

The  animals  were  anesthetized  with  an  intravenous  injection  (O.B-1.0  cc 
per  kilogram)  of  sodium  pentooarbi ta 1 (50  mg/ml)  following  preanestheti c 
sedation  with  an  intramuscular  injection  (0.1  cc  per  kilogram)  of  ketamine 
hydrochloride  (100  mg/ml).  The  pupils  were  dilated  with  a topical  application 
of  atropine  (T  atropine  sulfate)  administered  "■24  hours  prior  to  exposure. 

The  corneas  and  lenses  of  the  anesthetized  animals  were  examined  with  a 
Nikon  "Zoom-Photo"  slit  lamp  microscope.  The  acceptable  subiects  were 
fitted  with  a set  of  goggles  containing  vent  tubes  for  introducing  flowing 
gas  over  the  eyes.  Oxygen,  nitrogen,  or  ambient  air  was  [assed  through  the 
goggles  at  a flow  rate  of  0.4  1/min  for  15  min  prior  to  exposure.  The 
eyelids  were  then  retracted  by  means  of  sutures,  without  disturbing  the 
goggles,  and  the  corneas  were  exposed  to  the  near-UV  laser  radiation.  The 
gas  flow  was  terminated  and  the  goggles  and  sutures  removed  immediately  fol- 
lowing the  exposure.  The  subjects  were  kept  in  single  cages  without  further 
treatment  until  the  post-exposure  corneal  examinations.  They  were  then 
sedated  with  ketamine  hydrochloride  and  examined  with  the  slit  lamp  microscope. 
The  conscious  subjects  did  not  exhibit  any  recognizable  symptoms  of  eye 
irritation  at  any  time  following  the  exposure. 

A schematic  representation  of  the  experimental  set-up  is  shown  in 
Figure  8-1.  The  UV  source  was  a Spectra  Physics  170  argon-ion  laser 
equipped  with  optics  to  yield  UV  output  simultaneously  at  351.1  and  363.8  nm 
(intensity  racio  a/l : 1 ) . rjo  attempt  was  made  to  separate  these  two  wave- 
lengths for  the  experiments  reported  here.  The  subjects  were  positioned 
with  the  aid  of  a Spectra  Physics  155  helium-neon  alignment  laser  ('0.5  mW) 
arrvwged  so  that  the  beam,  after  reflecting  off  a beamsplitter,  was  col  inear 
with  the  UV  laser  beam.  Intensity  profiles  were  measured  with  a beam  scan 
apparatus  consisting  of  an  EGXG-SGD  100  photodiode  mounted  on  a micrometer 
translation  stage  driven  by  a synchronous  motor.  S(>atial  rcsoliition  of  the 
scans  was  limited  by  a 50  uiii  diameter  aperture  attached  directly  to  the 
front  face  of  the  photodiode.  Tlie  voltage  output  of  the  photodiode 
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figure  3-i.  Scnematic  Diagram  oF  Laser  Apparatus  for  Corneal  Irraaiation 
Linder  a Controlled  Atmosphere.  UV  - ultraviolet  laser 


was  traced  ot'  an  X-Y  rc.'corder.  Iho  lieain  scan  profile  vms  essentially 
Gaussian  in  shape.  Ihe  corneal  spot  size  was  defined  as  the  beam  diameter 
at  the  l/o'*  points  as  measured  at  the  appropriate  distance  from  the  output 
mirror  of  the  laser. 

the  power  output  of  the  argon-ion  laser  v/as  controlled  by  varying  the 
ciirrent  through  the  plasma  tube.  Power  measurements  were  made  with  a 
Scientech  1600  laser  power  meter,  the  output  of  which  was  coupled  to  a 
Keithley  149  mi  1 1 i -mi crovol tmeter . The  power  meter  and  the  voltmeter  were 
calibrated  as  a unit  using  soiirces  and  procedures  traceable  to  NBS  standards. 

Ihe  duration  of  the  exposures  was  controlled  with  an  electronically 
triggered  mecnanical  shutter,  for  the  experiments  reported  here,  each 
cornea  was  exposed  to  the  UV  laser  radiation  for  30  sec.  The  laser  power 
output  was  varied  in  order  to  deliver  the  desired  dose  to  the  cornea. 

The  corneas  of  the  exposed  eyes  were  re-examined  with  the  slit  lamp  at 
18  hours  post-exposure  and  lesion  formation  was  noted  at  this  time.  The 
18  hour  criterion  was  established  by  earlier  work  which  indicated  that  the 
near-LIV  induced  corneal  lesions  reach  maximal  development  at  12  to  24  hours 
followinc)  exposure  (Chapter  7).  Slightly  supra-threshol d lesions  appeared 
as  well-defined  spots  on  the  surface  of  the  cornea,  being  more  reflective 
to  the  slit  lamp  light  source  than  unexposed  areas  of  the  cornea.  The 
spots  had  a fairly  even  texture  if  the  exposure  was  10'  or  more  above 
threshold  buT  exposures  closer  to  the  threshold  dose  often  yielded  lesions 
with  a "patcny"  appearance.  There  did  not  appear  to  be  any  significant 
depth  associated  with  threshold  lesions.  However,  exposures  of  50!^.  or  more 
above  threshold  caused  crater-like  effects  which  apparently  penetrated  the 
epithelial  layer  of  the  cornea  but  did  not  affect  the  underlying  stromal 
layer. 

The  damage  threshold  was  defined  as  the  energy  dose  for  which  50"'  of 
the  exposures  would  produce  a lesion.  Threshold  energies  and  95"’  confidence 
limits  were  calculated  by  probit  analysisU^'lS) . A minimum  of  25  eyes  was 
used  for  each  threshold  determination. 


C . results  a 11  D _D I S CJJ>_SJp_N 

The  thresholds  for  eyes  flushed  with  oxygen,  nitrogen,  and  normal 
atmosphere  (control  eyes)  are  summarized  in  Table  8-1.  Dose-response  plots 
of  the  raw  data  were  presented  in  interim  reports ^5,1 7) . it  is  seen  that 
the  threshold  for  nitrogen  flushed  eyes  markedly  increases  relative  to  the 
control,  and  is  roughly  twice  that  for  eyes  in  an  oxygen-enriched  atmosphere. 
However,  the  dependence  on  oxygen  concentration  is  actually  more  dramatic 
than  this  factor  of  two  when  the  extent  of  damage  is  considered.  For  eyes 
flushed  with  nitrogen,  the  corneal  lesions  induced  by  doses  of  as  high  as 
180-200  J/cm^  generally  appeared  as  minimal  or  barely  visible  lesions.  Eyes 
flushed  with  oxygen  showed  relatively  severe  lesions  with  doses  only  slightly 
in  excess  of  the  threshold  value  of  66  J/cnr  . 
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TABLE  8-1. 


Studies  tiy  Sido  1 ser( ' , Takaluishi,  et  and  flill  and  f'att(^O) 

indicate  ttiat  flushinq  with  nitrogen  gas  is  effective  in  diminishing  the 
oxycjen  tension  within  the  epithelial  cells.  Measurements  of  tf'e  exact 
oxygen  tension  in  these  cells  under  a nitrogen  atmosphere  have  not  been 
made.  If  the  rate  at  which  the  cells  consume  oxygen  remains  constant  as 
the  oxygen  pressure  is  reduced,  the  cells  would  become  anoxic  at  low 
oxygen  pressures.  However, ths're  is  evidence  from  other  biological  systems 
for  an  oxygen-tension  depen(ient  oxygen  consumption  rate(^l).  If  this  is 
the  case,  then  even  at  zero  oxygen  pressure  the  epithelial  cells  may  still 
have  a siaall  oxygen  tension,  determined  by  the  rate  at  which  oxygen  could 
be  delivered  to  the  cornea  from  the  agueous  humor.  We  have  no  quantitative 
indication  that  the  corneal  surface  cells  become  anoxic  after  only  15  min 
exposure  to  a nitrogen  atmosphere.  It  is  possible  that  the  threshold 
woijld  be  higher  than  133  .J/cm^  with  further  deprivation  of  normal  oxygen 
concentrations.  Similarly,  with  prolonged  exposure  to  an  enriched  oxygen 
atmosphere,  the  hazard  from  near-UV  radiation  may  be  oven  greater  than 
that  reflected  by  the  threshold  of  66  J/cm'  obtained  in  this  work. 

The  molecular  targets  for  the  oxygon  dependent  near-UV  inactivation 
of  manrialian  cells  are  not  known.  Our  results  may  bo  interpreted  as 
evidence  for  a photodynamic  effect(^2,23) , but  do  not  distinguish  between 
several  prossi bl i ties  such  as  damage  to  the  DHA  template,  to  DflA  repair 
processes  or  to  RNA  metabolic  processes ( 24 ) _ jt  is  also  possible  that 
the  effect  is  due  to  direct  photo-oxidation  not  involving  damage  to  the 
genetic  machinery( 25) . 

It  is  interesting  to  note  that  an  earlier  report  of  near-UV  lethality 
in  mammalian  cp11s(26)  ^,35  later  shown  to  involve  the  production  of  toxic 
photoproducts  in  the  tissue  culture  medium(27).  jpg  more  recent  work  of 
Danpure  and  Tyrrell^ '2)  demonstrated  the  oxygen  dependence  of  near-UV 
lethality  in  mammalian  cell  lines  by  irradiating  the  cells  while  suspended 
in  an  inorganic  buffer  rather  than  in  tissue  culture  medium.  Ihe  approach 
lised  in  this  work  has  the  advantage  of  observing  the  oxygon  dependence  of 
near-UV  lethality  in  maiiitialian  cells  in  situ. 

from  the  viewpoint  of  laser  hazards,  these  experiments  should  be 
pursued  in  order  to  determine  the  extent  of  enhancement  of  near-UV 
sensitivity  for  subjects  in  an  enriched  oxygen  atmosphere  for  prolonged 
periods  and  to  measure  the  degree  of  protection  from  near-UV  radiation  which 
may  be  afforded  to  subjects  whoso  corneas  are  shielded  from  atmospheric 
oxygen.  In  particular,  the  effect  of  contact  lens  use  on  the  corneal 
threshold  could  be  investigated.  Additional  experiments  along  this  line 
would  further  elucidate  the  nature  of  the  involvement  of  molecular  oxygen 
in  the  UV-induced  corneal  damage  mechanism.  Discovery  of  the  fact  that 
oxygen  is  ititimately  involved  in  the  formation  of  epithelial  lesions 
induced  by  near-UV  laser  radiation  is  an  important  step  towards  speci fication 
of  a molecular  mechanism  in  sufficient  detail  to  yield  a working  quanti- 
tative model. 
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CHAPTER  9 


ACJ  IOji  SPiCIRUM_  rOR  r[[AR-UV  jNpy_CE_D  _CO_RNEAL  DAMAGE 
Joseph  A.  ZucHch  and  William  E.  Kurtin* 


A . I MJi^Dun  jpri 

Photochemical  mechanisms  for  near-IJV  induced  damage  in  the  corneal 
epithelium  have  been  discussed  at  length  in  Chapters  7 and  8.  The 
dependence  of  threshold  dose  on  the  intensity  and  pulsewidth  of  the 
radiation  source  together  with  the  cumulative  effects  of  repetitive 
pulses  now  appear  to  be  well  linderstood.  tiowever,  no  information  was 
previously  available  regarding  the  wavelength  dependence  of  tfie  corneal 
threshold.  Since  the  ANSI  standard  quotes  a single  MPE  for  the  entire 
wavelength  range  315-400  nno'’^),  it  is  necessary  to  determine  the  wave- 
length dependence  within  this  range  in  order  to  assure  an  adequate  margin 
of  safety  for  all  exposure  parameters. 


B . E Xf .ME N T A_L_  ME TjlODS 

Several  near-UV  emittirig  lasers  were  available,  but  the  specific 
wavelengths  emitted  were  not  sufficient  for  determining  an  action  spectrum 
over  tiie  wavelength  range  of  interest.  Therefore,  a xenon  arc  lamp  with 
relatively  uniform  output  throughout  the  near-IJV  was  used  as  the  radiation 
source.  A schematic  diagram  of  the  experimental  apparatus  is  shown  in 
r i gure  9- 1 . 

The  lamp  was  a Hanovia  1000  W xenon  arc  lamp  mounted  in  an  Oriel  6140 
housint)  and  powered  by  an  Oriel  C-72-50  power  supply  with  external  ignitor. 
An  adapter  placed  on  the  exhaust  port  of  the  lamp  housing  allowed  4" 
flexible  tubing  to  be  connected  between  the  housing  and  an  external  blower 
which  vented  the  exhatist  outside  of  the  laboratory.  External  venting  was 
reciui(ed  because  of  tlie  high  levels  of  ozone  generated  by  the  arc  lamp. 

After  passing  through  a water  cell  (15  cm  patlflength) , the  lamp  output 
was  directed  through  a Bausch  S Eomb  500  mm,  IIV- visible  monochromator  (Model 
33-86-45)  fitted  with  a 1200  qroove/mm  grating  blazed  at  500  nm.  The  recip- 
rocal dispersion  was  16.5  A/iiiii.  The  slits  were  set  at  6 mm  so  that  the 
bandwidth  (full  width  at  halfmaximum)  for  all  exposures  was  ''10  nm. 
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[ IGUKF  9-1.  F xppr  ininrita I Apparatus  for  Ifiduciiui 
CoriiPal  lesions  with  Xenon  Arc  l.am|). 

(ponochroma tor ; S - shutter;  Q1 , Q2,  Q3  - quartz  lenses;  F - filter  cell 
xenon  arc  lamp;  I - innitor;  P - power  supply;  II  - flexible  hose;  FI  - t 
microvoltmeter;  L - power  meter;  E - subject  eye. 


I'M 


After  oxitinq  the  inonoctiromd tor  the  ne<-ir-UV  tiean 
scries  of  throe  (|u<irtz  lenses,  the  last  of  which  foiuseh  >►)<•  |.< 
the  corneal  surface  of  the  subject.  The  quartz  lenses  w'le  ■ n ■■ 
that  ttio  focused  imaqe  of  the  slit  was  as  small  as  pos,  M'l'-  while  * = 11 
maintaininq  the  necessary  workinq  flistance  (1.5")  be»w>-en  ^ne  len 

ar.d  the  surfar.e  of  the  cornea.  These  lenses  ve>re  select  er)  empiii,  I'l/ 


from  available  supplies  and  were  fixed  in  place  at  optinvm;  positir,r;  tl  aq 
an  optical  bench,  the  position  of  which  was  fixed  with  respert  t- 
monochromator.  Thus,  the  focal  plane  of  the  optical  system  was  tixf>d  in 
space  and  each  sub.iect  was  placed  on  a mount  with  translation  staqe'.  *nat 
allnwf’d  positioninq  of  the  corneal  surface  in  the  focal  plane.  The  fr.-used 
spot  had  a trapezoidal  stiape  reflectinq  the  shape  of  the  monochromator 
output  M t . Ream  scans  in  the  horizontal  and  vertical  direction  yielded 
average  dimensions  of  1.16  n^n  and  1.48  mm,  respectively.  However,  intensity 
profiles  were  not  uni  for’in  and  therefore  these  dimensions  are  not  necessarily 
indicative  of  the  magnitude  of  the  exposed  area.  In  order  to  maintain 
consistency  in  the  definition  of  spot  size  (for  comparison  of  the  corneal 
thresholds  with  those  obtained  using  laser  sources)  the  periphery  of  the 
imaqe  was  defined  as  the  1/e^  intensity  contour.  The  area  of  the  focused 
imaqe  thus  determined  was  0.016  cm*-,  which  is  equivalent  to  a circular- 
spot  with  a diameter  of  '\-1.4  mm. 


Power  measurements  wer-e  n;ade  with  a Scientech  .1600  laser  power  meter, 
the  output  of  which  was  coupled  to  a Keithley  150R  microvolt/ammeter.  The 
duration  of  the  exposures  was  controlled  with  an  electronically  triggered 
mechanical  shiitter.  Animal  preparation  and  handling  procedures  were  iden- 
tical to  those  previously  described  for  corneal  threshold  deteniii nations 
using  UV  laser  radiation  (Chapter  7). 
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Corneal  thresholds  were  determined  at  10  nm  intervals  over  the  wave- 
length range  of  320-390  nm.  Since  the  power  output  of  the  xenon  arc  lamp 
was  not  readily  adjustable  over  a wide  range,  thresholds  were  obtained  by 
varying  the  exposure  time  at  a given  constant  intensity  at  each  wavelength. 
Oose-response  plots  for  each  threshold  deteniiination  are  included  in  an 
appendix  in  Referetun  3.  The  threshold  data  are  sutnmarized  in  Table  9-1 
and  are  plotted  as  threshold  vs.  wavelength  in  figure  9-2. 

As  seen  in  this  figure,  the  threshold  increases  monotoni ca 1 ly  with 
wavelength  but  with  a pronounced  shoulder  in  the  340-350  nm  region.  The 
corneal  threshold  for  wavelengths  shorter  than  340  nm  afiparently  reflects 
involvement  of  the  photorhemica I damage  merhanism  which  accoiints  for  the 
sensitivity  of  epithelial  cells  to  far-IIV  radiation.  As  shown  by  Pitts, 
et  al.('^’^),  the  epithelial  cells  exhibit  maximum  UV  sensitivity  at  270  nm 
where  the  threshold  is  fl.OOA  J/cm-  . On  f)assinq  to  lomier  wavelengths,  the 
corneal  sensitivity  decreases  rapidly  up  to  about  320-330  nm  at  which  point 
the  rate  of  decrease  begins  to  fall  off,  as  indicated  in  figure  9-3.  As 
discussed  below,  this  trend  may  reflect  involvement  of  different  damage 
mechanism,  for  far-  and  near-UV  irradiation  of  corneal  tissues. 
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TABLL  9-1 


WAVFLE'IGIH  DEPENDENCE  OF  THRFSIIOLDS  (FDSn)  FOR 
CORNEAL  LESIONS  INDUCED  BY  NONCOHERENT  NLAR-UV 
RADIATION 


UAVELENC.TH^^^ 

NO.  OF  EYES 

THRESHOLD 
_ (J/cm^^ 

95  CONFlDL'.d  LIMITS 
( l/.d"  ) 



320 

22 

9.6 

8.5  - 10.7 

330 

27 

41.1 

35.3  - 47.7 

340 

33 

58.3 

51.6  - 65.8 

350 

26 

61.5 

55.0  - 68.5 

360 

24 

88.4 

(c) 

370 

25 

130 

116  - 147 

380 

25 

179 

157  - 205 

390 

29 

258 

230  - 288 

(a)  10  nm  bandwidt.h 

(b)  Calculated  from  slope  of  probit 

1 i ne 

(c)  No  overlap 

of  "Lesion"  and  "No 

Lesion"  data 
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320  330  340  350  360  370  380  390  400  410 

WAVELENGTH  (nm) 


rifiURE  9-?.  tx[)pr iinontal  Thr'osholds  for  CorriPtil  Epi  Mini  iti  1 lo'^ions 
Induced  by  Monochromatic,  NoncoiiP'^ent  Near-UV  Radiation 


fir.URL  9-3. 


rxperimorit  al  Threshold  for  Corneal  f'(nth(?lial 
lesions  Induced  by  Noncoherent  L)V  Radiation. 


260  280  300  320  340  360  380 


WAVELENGTH  (nm) 


vdri<it.ioi»  of  covnool  threshold  with  wavelenqth  displayed  in 
f itpire  9-2  is  consistent,  witti  thresftold  detenninations  obtained  usinrj 
several  different  lasers  with  near-lJV  output,  for  instance,  the  threshold 
of  32  d/cm  reportod(6)  for  exposure  to  325  nm  radiation  from  a helium- 
cadmium  laser  agrees  closely  with  the  value  of  -dO  J/cn/  which  can  be 
readily  inter|)olated  from  figure  9-2. 


The  thresholds  observed  with  the  near-UV  outputs  of  krypton-  and 
argon-ion  lasers  require  further  analysis  since  each  of  these  lasers  emits 
tv/o  near-UV  wavelengths.  The  observed  threshold,  T{'],>.2),  for  a source 
emitting  at  two  wavelengths  \\  and  can  be  related  to  the  thresholds 
T('j)  and  T(»2)  at  and  Xp,  respectively  by  the  equation: 


T(3j) 


+ 


f(>.) 

TT'Ap) 


(9-1) 


where  f(‘j)  find  f{ '■  J are  the  respective  fractional  intensities  of  and 

V radiation  in  the'mixed  wavelength  source.  Thus,  for  krypton  laser 
radiation  (350.7  nm  and  356.4  nm,  intensity  ratio  3:1)  the  predicted 
threshold,  T,  is  given  by: 


1 _ . 75  . 2_5 

T 63.4  78. 7 


(9-2) 


where  the  thresholds  T(',)  and  T(>^)  were  obtained  by  linear  interpolation 
of  the  data  shown  in  Table  9-1,  The  above  expression  yields  a predicted 
threshold  of  66.6  d/cm’.  Similarly,  for  argon  laser  radiation  (351.1  nm 
and  363.8  nm,  intensity  ratio  1:1): 


1 _ .50  + .50 

T 64. 5 104 


(9-3) 


which  gives  a predicted  threshold  of  BO  J/cm’.  These  results  are  in  close 
agreement  with  the  observed  thresholds  of  66  J/cm'  and  82  J/cm’  found  for 
30  sec  exposures  to  krypton  and  argon  near-UV  radiation,  respectively. 

Thus,  the  apparent  discrepancy  between  the  two  observed  thresholds  is 
completely  explained  by  the  wavelength  dependence  illustrated  in  Figure  9-2. 

This  wavelength  dependence  may  be  used  to  derive  an  empirical  absorp- 
tion spectrum  for  the  molecular  species  involved  in  the  near-UV  photochemical 
damage  mechanism  even  though  the  species  remains  unidentified,  for  the 
purpose  of  obtaining  a quantitative  photochemical  model,  however,  one  need 
only  consider  the  corneal  threshold  dose  and  not  the  fraction  of  the 
incident  energy  actually  absorbed  by  the  cornea  (more  specifically  by  the 
corneal  epithelium)  or  the  fraction  of  the  absorbed  energy  directly  absorbed 
by  or  transferred  to  the  molecular  species  involved  in  the  damage  mechanism. 
It  has  been  shown' that  for  the  case  where  the  photoproduct  is  fomed 
directly  from  an  excited  state  of  the  absorbing  s()ecies  (assuming  a single- 
photon absorption  process),  the  number  of  molecular  lesions,  F\  induced 
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()y  an  exposure  to  radiation  of  intnnsity,  I,  and  wavelength,  ),  for  an 
exposure  time,  r,  is  directly  proportional  to  the  product  of  the  molecular- 
extinction  coefficient,  C{\)  with  It.  Thus: 

P - C(,\)  Ii  = C(a)  [ (9-4) 

where  E is  the  incident  enerijy  dose.  The  number  of  molecular  lesions 
necessary  to  yield  observable  macroscopic  corneal  damage,  is  presumed 

to  bo  indo()endont  of  the  exposure  parameters.  Therefore: 

Pj^  C(a)  E-[-|,(a)  = constant  (9-5) 

where  E|p(x)  is  the  threshold  energy  dose  at  wavelength  >.  Using  this 
expression  and  the  threshold  data  of  Table  9-1,  the  effective  noar-UV 
molecular  extinction  coefficient  can  be  normalized  to  any  desir'od  wavelength. 

Ihe  most  reliable  and  reproducible  near-UV  threshold  data  available  appear 
to  be  the  results  reported  in  Chapter  7 for  krypton  laser  radiation.  The 
corneal  threshold  approximates  67 J/cm^  for  wide  ranges  of  beam  parameters. 

Thus,  if  C(a)  is  arbitrarily  set  equal  to  unity  for  A = 352  run  (the  effective 
wavelength  of  the  krypton-ion  laser  emitting  at  350.7  and  356.4  nrn  with  an 
intensity  ratio  of  3:1),  the  extinction  coefficient  for  any  other  wavelength 
follows  from  Equation  (9-5).  The  results  for  320-390  nm  are  shown  in  Table  9-2. 

Ihe  unspecified  proportionality  constant  in  Equations  (9-4)  and  (9-5) 
involves  rate  constants  for  population  and  depopulation  of  the  excited 
singlet  and  triplet  states  of  the  absorbing  molecule.  The  expressions 
are  valid  only  when  the  pulsewidth,  t,  is  long  compared  to  the  excited 
state  lifetimes  (so  that  the  differential  equations  for  the  populations  of 
the  energy  levels  can  be  solved  in  the  steady  state)  and  when  the  intensity, 

I,  is  sufficiently  low  that  only  a negligible  fraction  of  the  absorbing 
molecules  populate  the  excited  state  at  any  given  time(^).  These  conditions 
are  not  stringent  for  cases  of  interest  here  and  are  undoubtedly  satisfied 
for  all  corneal  threshold  data  discussed  in  this  report  save  possibly  for 
the  experiments  involving  10  nsec  pulses  with  >1  megawatt  peak  power  levels 
from  a nitrogen  laser.  Therefore,  the  data  of  Table  9-2  can  be  used  together 
with  the  known  dependence  of  corneal  damage  on  radiation  intensity  and  pulse- 
width  to  predict  threshol ds  for  laser  systems  emitting  in  the  near-UV  for 
wide  ranges  of  beam  parameters;  i.e.,  for  varying  wavelengths,  pulsewidths 
and  intensities  as  well  as  for  varying  oulse  repetition  rates  and  train 
lengths  when  mul ti pie- pul se  exposures  are  considered.  The  results,  of 
course,  would  still  be  nonnalized  relative  to  the  observed  threshold  for 
krypton  laser  radiation  or  to  any  other  suitable  reference  which  was  chosen, 
further  development  of  a quantitative  photochemical  model  for  prediction 
of  absolute  thresholds  must  rely  on  determination  of  the  molecular  rate 
constants  referred  to  above. 

The  curves  shown  in  Eigures  9-2  and  9-3  represent  the  energy  doses 
incident  on  the  cornea  necessary  to  induce  visible  damage  in  the  epithelium. 

In  order  to  extract  a useful  action  spectrum  for  comparison  with  absorption 
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TAbLE  9-2. 


MOLECULAR  EXTINCTION  COEFFICIENTS  FOR  ABSORRIION 
OF  NEAR-UV  RADIATION  BY  THE  CORNEAL  EPITHELIUM 


Wavelength 

.(im). 

Threshol  d 
(J/cin^ ) 

Extinction  Coefficient 
(Normalized  to  352  nm) 

320 

9.6 

7.0 

330 

41.1 

1.63 

340 

58.3 

1.15 

350 

61.5 

1.09 

352 

67.0 

1.00 

360 

88.4 

0.76 

370 

130 

0.52 

380 

179 

0.37 

390 

258 

0.26 

I 

i 

I 

I 

I 
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spectra  of  cellular  constituents,  it  is  necessary  to  consider  the  nuinher 
of  quanta  ahsorhed  at  each  wavelength  rather  than  the  intensity  of  the 
incident  radiation.  This  conversion  is  carried  out  in  Table  9-3.  The  first 
two  columns  list  the  wavelength  and  threshold  enerc)y  dose,  respect i vel y . 

The  third  column  lists  the  experimental  thresholds  expressed  in  terms  of 
incident  quanta/cm'’.  Multiplying  each  of  these  values  by  the  corneal 
absorption(9)  (i.e.,  1 - transmission)  yields  the  absorbed  threshold  photon 
density,  N',  also  in  units  of  ()uanta/cm' . Finally,  the  relative  sensitivity, 
R,  of  the  absorbing  tissue  is  inversely  proportional  to  the  corrected 
threshold  dose,  N',  and  is  shown  nonnalized  to  320  run  (the  wavelength  of 
hiqhest  sensitivity)  in  the  last  column. 

By  plotting  these  values  vs.  wavelength,  a "true"  action  spectrum, 
i.e.,  corrected  for  total  corneal  absorption  is  obtained  as  shown  in 
Figure  9-T.  This  spectrum  exhibits  somewhat  more  pronounced  structure 
in  the  340-350  nm  region  than  the  uncorrected  action  spectra  shown  in 
Figures  9-2  and  9-3.  As  suggested  by  the  dashed  lines  in  Figure  9-4,  this 
spectrum  may  represent  the  su|ierposi tion  of  an  absorption  tail  of  cellular 
constituents  involved  in  far-ilV  photochemical  damage  and  a second,  rather 
broad  curve  representing  near-lJV  absorbing  cellular  constituents.  The 
latter  with  its  apparent  maximum  at  "■350  nm  agrees  quite  well  with  the 
absorption  spectrum  of  4-thiouri di ne,  a nucleic  acid  base  found  in  certain 
transfer-RflA  molecules,  dagger  and  co-workers 0 0, 1 1 ) have  presented 
formidable  evidence  suggesting  that  4-thiouridine  is  the  target  for  near-UV 
induced  damage  in  E.  coli  cells.  However,  there  is  no  evidence  that  the 
target  for  near-lJV  action  in  maninalian  cells  is  the  same  as  that  in  bacterial 
cells.  Furthermore,  there  are  several  other  cellular  constituents  which 
have  broad  absorption  bands  centered  at  ''■350  nm  and  which  could  be  regarded 
as  potential  near-UV  targets  in  mammalian  cells^'*^).  Examples  of  these 
are  reduced  nicotinamide  adenine  dinucleotide  (NAOH)  and  the  isoprenoid 
benzo-  and  naphtho-cjuinones  of  the  electron  transport  system.  Thus,  it 
is  obvious  that  additional  studies  are  required  in  order  to  identify  the 
molecular  species  involved  in  the  near-UV  photochemistry  in  epithelial 
cells.  However,  the  action  spectrum  reported  here  together  with  the 
[treviously  reported  oxygen  dependence  of  near-IJV  induced  epithelial  damage 
(Chapter  8)  has  narrowed  the  field  of  potential  candidates. 

Finally,  in  view  of  the  wavelength  dependence  of  the  corneal  threshold 
discussed  above  together  with  observations  of  thresholds  for  long  single- 
pulse exposures  (Chapter  7),  it  is  obvious  that  for  certain  combinations 
of  near-UV  exposure  parameters,  the  ANSin,2)  standard  does  not  provide  an 
adequate  margin  of  safety.  Decreasing  the  corneal  MDE  for  315-400  nm  by  a 
sufficient  margin  will,  of  course,  lead  to  a safety  standard  with  an  adequate 
safety  m<irgin  for  all  exposure  parameters.  However,  such  a standard  may  bo 
unnecessarily  restrictive  for  certain  exposure  parameters  (e.g.,  for  wave- 
lengths -360  nm  and  exposure  times  <10”'  sec).  Therefore,  it  may  be  desirable 
to  divide  the  315-400  nm  wavelength  range  into  two  or  more  regions  and 
quote  an  appropriate  MF’E  for  each  region. 
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inj_y\R  Lrrf.cTS  or  nl;ar-uv  LAsr.R  RAoiAjjpjj 

Joseph  A.  Zuc1 i ch 


The  question  of  a corneal  maximum  permissilile  exposure  (HPE)  for 
a given  set  of  beam  parameters  as  quoted  by  the  ANSI  standardi ^ is 
evidently  of  little  consequence  if  other  ocular  tissues  are  more  sensitive 
than  the  cornea.  This  work  has  revealed  certain  conditions  where  this  is 
indeed  the  case.  A discussion  of  retinal  lesions  induced  by  near-UV  laser 
radiation  was  presented  in  Reference  3 along  with  a brief  description  of 
preliminary  observations  of  reversible  lenticular  clouding  which  resulted 
from  certain  laser  exposures.  More  recent  work  has  revealed  conditions 
where  permanent  lenticiilar  opacities  are  induced  with  energy  doses  less 
than  those  required  to  cause  corneal  damage.  These  experiments  which 
utilized  the  near-UV  emissions  of  argon-ion  and  nitrogen  lasers  are 
described  below.  Experimental  techniques  were  essentially  identical  to 
those  reported  for  corneal  damage  experiments  in  Chapter  7.  Lenticular 
observations  were  made  with  the  same  slit  lamp  microscope  used  for  the 
corneal  work. 

The  krypton-ion  laser  experiments  disciissed  in  (.hat'ter  7 did  not  lead 
to  permanent  lenticular  lesions  in  any  subject  reganiless  of  exposure  time. 
However,  doses  of  an  order  of  magnitude  or  more  greater  than  the  corneal 
epithelial  threshold  did  cause  reversible  cloudino  on  tlio  anterior  surface 
of  the  lenses.  The  clouding  could  bo  observed  with  the  slit  lam|)  after 
the  corneal  lesions  had  rej)aired  (two  to  three  days  post-exposure).  In 
every  case,  this  lenticular  clouding  completely  cleared  within  one  month. 
Animals  which  exhibited  the  reversible  clouding  v;ere  monitored  for  up  to 
nine  months  following  the  exposures  but  no  further  lenticular  anomalies 
developed. 

With  the  high  [)Owers  (up  to  IW)  of  continuous  IIV  output  (351.1  and 
363.8  nm,  intensity  ratio  ’.1:1)  available  from  the  Spectra  Physics  170 
argon-ion  laser,  cataracts  could  be  induced  with  relatively  short  exposure 
times,  and  under  some  conditions  are  observable  iiiinediately  following  the 
exposure. 

Figure  10-1  shows  a cataract  induced  by  a 1 sec  exposure  to  500  mW  of 
near-UV  laser  radiation  at  a corneal  dose  of  ?1  J/cm’.  The  picture  was 
taken  less  tFian  five  minutes  following  exposure,  for  exposures  just  above 
lenticular  thresFiold,  the  opacity  may  take  some  time  to  develop  and  may 
not  be  visible  until  several  hours  post-exposure.  An  18  hour  criterion 
was  arbitrarily  chosen  for  lesion  determination,  chiefly  because  this 
conforms  with  the  protocol  for  corneal  lesion  determinations  (Chapter  7). 


10-1 


\ 

t 


I 


rUiURt  10-1.  Slit  I einip  I'hotoni'flph  of  r,ilar.icl  InOucod  by  Noar-DV  Output  of 
Ar-fjon  laser.  f:orripal  dose,  2\  d/cin-  . The  e(|(i-sliai)ed  cataract 
(arrow)  is  seen  to  the  riqfit  of  t h(>  source  ri’Meclion  from  tfie 
corneal  surfacf!.  A reflection  from  ttie  lid  is  seen  lu'low  the 
cataract. 
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itip  If'tificul.ir  throsholti  for  4 soc  oxpo^urf's  to  .irgor  IdSor  radi«ition  is 
76.4  J/cnr'  incident  at  the  cornea , equi valent  to  a corneal  irradiance  of 
19  W/cm- . For  1 sec  exposures,  the  threshold  tiose  is  1H.7  ' 1.8  d/cni^, 
again  equal  to  an  irradiance  of  19  W/cin'  . In  this  case,  the  threshold 
dose  is  only  25'  of  the  expected  corneal  threshold. 

Lenticular  opaci^^ies  were  also  indu<rul  Ity  the  137  nni  emission  of  the 
Molectron  llV-lflOO  nitrof;f’n  laser.  A sincjle  10  nsec  pulse  focused  onto  the 
cornea  (peak  [)ower  output  1 megawatt  to  yi^ld  a sorneal  irradiance  of  1 . 1 
d/cm  ')  was  sufficient  to  cause  a barely  visible  flouding  on  the  anterior- 
surface  of  the  lens.  Trains  of  two  or  more  pulses  induced  distinct  cataracts 
visible  iimied lately  following  the  exposure.  Figure  10-2  illustrates  two 
nitrogen  laser-induced  cataracts  resulting  from  doses  of  120  J/cm^  (upper) 
and  56  J/cm^  (lower),  observed  at  less  than  five  minutes  post-exposure. 

In  at  least  one  case,  there  was  some  progression  of  such  cataracts  with 
time.  Figure  10-3  shows  a rhesus  eye  with  two  nitrogen  1 aser- i nduced 
cataracts  observed  at  three  months  post-exposure.  Initially,  the  appearance 
of  these  lesions  was  similar  to  those  shown  in  Figure  10-2,  but  after  three 
months  there  was  evidently  some  further  degeneration  of  the  tissue  surrounding 
each  lesion.  However,  the  majority  o'"  the  IJV  laser-induced  cataracts  did 
not  change  in  appearance  for  periods  of  up  to  one  year  following  exposure. 

Some  of  the  less  severe  lenticular  lesions  have  shown  some  fading 
and  apparent  diminution  after  several  months.  In  contrast,  in  one  case 
where  no  lenticular  lesion  was  found  immediately  or  at  18  hours  post- 
exposure, a distinct  cataract  was  observed  in  the  exposed  area  at  two 
j months  post-exposure. 

In  view  of  these  conflicting  preliminary  observations,  it  is  clear 
I that  further  long-term  (up  to  several  years)  studies  will  be  required  to 

I decide  if  there  is,  in  fact,  any  danger  of  eventual  cataract  development 

from  single  or  repeated  exposures  to  doses  less  than  those  required  to  cause 

iininediate  lenticular  opacities.  Similar  studies  will  be  required  to  decide 
if  there  is  danger  of  further  progression  of  those  cataracts  which  are  found 
immediately  following  exposure,  or  if  there  is  some  chance  of  eventual 
attrition  of  these  opacities. 

^ Although  the  lenticular  data  are  at  (iresent  ton  sparse  to  draw  atiy 

conclusions  regarding  the  damage  mechanism,  th(>  deviations  from  an  equal 
I energy  dose  seem  significant  and  it  is  obvious  that  a photochemical  mechanism 

I such  as  that  operative  in  the  corneal  epithelium  is  not  involved  here.  As 

noted  above,  the  lenticular  thresholds  for  1 sec  and  4 sec  exposures  are 
both  equivalent  to  a corneal  irradiance  of  -'d9  W/cm^.  Further,  the  maximum 
I output  of  the  unfocused  krypton  beam  (-'-5  W/cm^  incident  at  the  cornea)  is 

* not  sufficient  to  induce  cataracts  even  with  exposure  durations  of  several 

minutes.  Rofh  of  those  facts  suggest  a peak  power  phenomenon  which  in  turn 

(could  imply  a thermal  damage  mechanism.  In  order  to  obtain  further  support 
for  this  hypothesis,  the  IITRI  thermal  model ('^)  was  used  to  calculate 
lenticular  thresholds  for  350  nm  radiation  for  a wide  range  of  pulsewidths. 

( 
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riGUPI  10-2.  Slit  lamp  Photograph  of  Cataracts  Induced  hy  1 rains  of  10 
Nanosecond  Puls(?s  from  Nitrogen  Laser.  Corneal  dos(!S, 

120  d/cm-’  (u|)per  cataract)  and  '>■60  d/cm^  (lower  cataract). 

A reflection  of  the  slit  lamp  source  form  Hie  corneal  surface 
is  seen  to  the  left  of  tiie  cataracts  (arrows).  Peflections 
from  th('  lids  are  seert  above  and  below  the  rat, tracts.  Photo- 
grapfi  taken  |r>ss  than  five  minutes  pos t-ex()osure . 
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riGUPC  10-3.  Slit  1 -imp  Photonraph  of  Cataracts  Induced  by  Trains  of 

10  nanosecond  f’ulses  from  Nitrotjen  laser.  Corneal  doses, 

120  ,)/cm-'  (upper  cataract)  and  ‘60  J/rnv’  (lower  cataract). 

A reflection  of  the  slit  lamp  source  from  tlic  corm>al  surface 
is  seen  to  the  left  of  the  cat<iracts  (arrows).  A reflection 
from  the  lid  is  seen  above  the  cataracts.  I’fiotograph  taken 
■3  months  post-('xposure. 


The  predicted  thresholds  for  exposure  times  ranqincj  from  lO'"'  to  10* 
sec  are  shown  in  Table  10-1.  The  data  are  plotted  as  an  irradiance  vs. 
pulsewidth  curve  in  Figure  10-4.  Also  plotted  in  Figure  10-4  are  the 
experimental  argon  laser  lenticular  thresholds  for  1 and  4 sec  exposure 
times,  the  approximate  threshold  (1.1  J/cm^)  for  cataracts  induced  by 
10  nsec  pulses  from  the  .3,37  nm  radiation  from  a nitrogen  laser,  and  the 
lenticular  threshold  reported  by  Lbbers  and  Sears(^)  for  325  nm  radiation 
from  a helium-cadmium  laser.  It  is  seen  that  the  trend  of  the  limited 
experimental  data  is  parallel  with  the  predicted  curve  and,  in  any  case, 
is  clearly  not  in  accord  with  the  equal  energy  dose  curve  found  for  corneal 
thresholds.  It  should  be  pointed  out,  however,  that  although  the  thermal 
model  has  proven  to  be  reliable  in  predicting  retinal  damage  thresholds 
over  wide  ranges  of  beam  parameters ('^)  there  has  been  no  previous  oppor- 
tunity to  test  the  success  of  the  model  in  predicting  lenticular  thresholds. 
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rABLE  10-1. 


LENTICULAR  THRESHOLDS  FOR  ISO  nm  RADIATION. 
PREDICTED  BY  IITRI  THERMAL  MODELl'^) 


Pulse wj_d t h_  ( sec ) 
10"^’  and  less 
10-!^ 

10-" 

10'^ 

10-2 

10-1 

1 

2 

4 

10 

10^ 

lo’ 

lO** 


T I)  r e_s  h o I d I r r ^d  i a n cp_(  W/_cii/  ) 


8.2  X 10^ 

7.9  X 10'' 

7.4  X 103 

7.2  X 102 
77 

13.4 

9.2 

7.4 

5.85 

3.75 

2.55 

1.73 


♦Outside  normal  precision  of  program. 
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Experimentally  Determined  Lenticular  Thresholds 
s Predicted  by  Thermal  Model  Calculations. 
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A . BACKGROUND 

The  preceding  chapters  of  this  report  discuss  macroscopical ly  observable 
ctianqes  in  the  rhesus  monkey  eye  following  exposure  to  high  intensity  laser 
radiation.  These  studies,  while  quite  important  for  the  assessment  of  the 
extent  of  ocular  damage,  say  little  about  the  loss  of  visual  function  that 
follows  such  insult.  Of  more  concern  is  the  possibility  that  a functional 
loss  has  occurred  in  the  visual  system,  even  though  the  injury  is  not  macro- 
scopically  observable.  It  would  seem  that  the  ultimate  factor  determining 
the  classification  of  laser  systems  and  the  specification  of  laser  safety 
standards  must  rest  upon  the  assessment  of  loss  of  visual  function,  whether 
such  loss  is  long  term  or  immediate,  for  this  reason,  a program  was  initiated 
to  develop  neurophysiological  procedures  for  estimating  damage  to  the  visual 
nervous  system. 

The  spatial  resolving  power  of  the  visual  system  can  be  investigated 
by  using  spatial  sine  wave  gratings  as  stimuli.  An  observer's  ability  to 
discriminate  a grating  pattern  of  this  kind  is  a function  of  the  modulation 
depth  (contrast)  and  the  spatial  frequency  (cycles  per  degree  of  visual  angle) 
of  the  grating.  In  recent  visual  system  investigations,  modulation  transfer 
functions  (MTF's)  have  been  obtained  which  describe  the  minimum  stimulus 
contrast  needed  for  (threshold)  detection  at  varying  spatial  frequencies. 

An  MTF  may  be  briefly  described  as  the  loss  in  contrast  (modulation  depth) 
in  an  image  plane  as  a function  of  spatial  frequency  in  an  object  plane. 

It  should  be  noted  that  the  applicability  of  linear  systems  analysis  to 
visual  infonnation  is  valid  at  threshold,  where  the  system  is  known  to 
behave  in  a linear  fashionH,?).  Recent  reports  give  credence  to  the 
notion  that  the  system  is  also  linear  when  operating  on  chromatic  spatial 
stimuli  and  at  suprathreshold  levels(3).  Perhaps  the  primary  benefit  of 
using  sine  wave  grating  stimuli  is  that  they  can  be  used  in  neurophysiological 
investigations  as  v/ell  as  psychophysical  studies.  As  a consequence  of 
using  the  same  type  of  stimulus  in  these  otherwise  separate  investigative 
procedures,  meaningful  comparisons  can  be  made  between  an  organism's  ability 
to  discriminate  spatial  detail  and  the  underlying  neurophysiology. 

There  is  little  doubt  that  the  cortical ly  represented  visual  system 
of  primates  is  organized  in  large  part  to  extract  pattern  information. 

Ilubel  and  Wiesel  have  demonstrated  the  binocular  convergence  of  information 
in  the  visual  cortex,  the  columnar  organization  within  areas  17  and  18,  and 
the  salient  details  of  feature  extrac 
complex  cells  within  those  cortices!^ 


t^yn  by  simple,  complex  and  hyper- 
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A recent  investiejation  limited  solely  to  the  foveal  projection  of 
area  striata  found  changes  in  chromatic  information  processiiKi  within 
the  laminae  of  the  foveal  cortex  which  parallel  ctianges  in  pattern  infor- 
mation processi ng(^) . Indeed,  if  the  proper  "feature  detectors"  of  such 
cells  were  not  carefully  "tuned",  it  was  not  possible  to  extract  chromat- 
ically selective  responses.  For  example,  if  a cell  were  of  the  complex 
type  of  Hubei  and  Wiesell'^)  it  was  found  essential  that  the  light  stimulus 
be  made  the  proper  width,  oriented  at  the  proper  angle  and  swept  across 
the  receptive  field  at  an  optimal  velocity  in  order  for  it  to  be  activated. 

The  cells  of  area  striata_  may  be  conceived  of  as  an  aggregate  of 
tuned  harmonic  resonators.  A sinusoidal  luminance  distribution  (grating) 
will  selectively  activate  some  of  those  resonators.  By  means  of  a suitably 
coarse  electrode,  an  electrical  signal  may  be  recorded  from  the  brain, 
the  amplitude  of  which  is  linearly  related  to  the  logarithm  of  stimulus 
contrast^^'.  It  has  been  shown  in  man  and  cat  that  the  (extrapolated) 
zero  value  of  the  signal  occurs  at  a stimulus  contrast  that  corresponds 
to  the  psychophysical  threshold.  Simply  put,  when  the  stimulus  can  not 
be  seen,  the  cortical  cells  do  not  respond.  The  importance  of  the  obser- 
vation, of  course,  is  that  a biological  signal  exists  that  can  be  related 
to  behavioral  data  and  that  can  be  used  to  predict  behavior.  The  savings 
in  training  time  for  animal  psychophysics  is  potentially  very  great. 

Although  the  visual  system  is  responsible  for  the  analysis  of  an 
impressive  number  of  attributes  of  a visual  scene,  perhaps  the  most 
noticeable  and  devastating  losses  are  those  which  impair  the  capacity  of 
that  system  to  resolve  spatial  detail.  It  was  for  this  reason,  and  the 
fact  that  recent  developments  in  theory  and  data  analysis  procedures  have 
taken  a quantum  jump  in  sophistication,  that  the  visual  dimension  related 
to  spatial  resolving  power  was  chosen  as  a starting  point  for  these  studies 

A variety  of  scalp  recorded  evoked  res[)onses  have  been  categorized 
as  visual  evoked  responses  (VER's).  For  that  reason,  some  confusion 
exists  about  the  nature  C''  the  cortically  evoked  electrical  events  in  any 
VER  experiment.  In  studies  of  this  sort,  the  a priori  intention  is  to 
isolate  a stimulus  dimension  and  manipulate  it  as  an  independent  variable 
while  eliminating  the  influence  of  other  attributes  either  by  holding  their 
influence  constant  or  by  removing  the  attribute  from  the  stimulus  situation 

Two  major  sorts  of  VER  have  been  described  and  will  be  briefly 
mentioned  here.  The  best  investigated  sort  of  VER  is  that  arising  from  a 
stimulus  that  may  be  described  as  a spatial ly-unstructured  field.  These 
are  large  area,  usually  flash  activated,  stimuli  that  are  most  aptly  used 
to  investigate  the  temporal  visual  system  or  al ternati vely  in  clinical 
settings  to  provide  a continuity  check  between  retina  and  brain.  Quite 
different  is  the  VER  related  to  the  spatial  structure  of  the  stimulus 
field.  Careful  control  of  stimulus  parameters  permit  a transfer  function 
to  be  established  describing  the  relationship  between  the  relevant  stimulus 
dimension  and  ttie  organism's  behavior  with  concommitant  knowledge  of  the 
underlying  electrical  events.  To  be  able  to  obtain  all  of  these  estimates 
in  one  experimental  paradigm  is  most  unusual. 
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■ Vj'i'.illv  : )rriefl  out,  the  process  is  Jescribed  as  steady  state 

^ :’'i-  -inio  ,1  repeatimj  Stimulus  is  continuously  presented,  and 
1’  : , . ii'ii' ! the  visual  system  has  "adapted"  to  a number  of  other 

‘ in;  »•'  t ( oMili  t iotts . The  nervous  sytem  vn  1 1 , more  or  less, 

1"  -Iji*'  a •.'le.im  of  stimulus  dependent  potentials  at  a constant  amplitude 
and  tt.  Mft|,  V rehited  in  some  way  to  the  stimulus.  The  neurophysiological 
*a-d  i-.  r,  analv’e  that  stream  of  electrical  events  and  determine  the 
guanMfaMve  nature  of  the  neurophysiological  parallelism  with  the  stimulus. 

In  *he  '.pecific  case  of  steady  state,  pattern  evoked  VER's,  the  task  is 
simpH  fin'd  by  the  nature  of  the  stimulus. 

It  may  be  argued  that  gratings  which  temporally  alternate  in  counter- 
phase {ISC  phase  reversal)  while  spatial  frequency  is  held  constant  primarily 
activate  spatially  tuned  cells.  Brightness  is  constant  due  to  temporal 
integration  and  can  have  no  effect.  If  a suitable  biological  signal  which 
is  bandwidth-limited  at  the  tempor'al  alternation  rate,  is  derived  by  filtering 
techniques,  one  may  imagin-^  that  only  events  that  are  related  to  spatial 
variables  are  being  sampled,  since  only  the  spatial  stimulus  parameter  is 
varying.  It  was  this  technique  that  was  successfully  utilized  in  man  and 
cat  to  estimate  behavioral  contrast  sensitivity  thresholds,  and  therefore 
was  proposed  for  use  with  monkey. 

Estimates  of  the  transfer  function  (MTf)  of  the  rhesus  monkey  eye 
pxist(lO)  together  with  estimates  of  the  combined  performance  of  retina-brain 
and  eyeball  optics.  The  latter  take  the  form  of  contrast  sensitivity  functions 
obtained  during  animal  psychophysics  experiments^ ^ ^ . It  should  prove 
possible  to  correlate  biological  signals  derived  from  the  monkey  visual  cortex 
with  those  known  behavioral  and  optical  properties  of  the  rhesus  monkey 
spatial  visual  system. 

Laser  exposures  below  the  threshold  for  tissue  damage  constitute  a 
special  case  of  a more  general  paradigm  in  visual  science  known  as  transient 
adaptation.  A rapid  luminance  change  perturbs  the  system  and  adaptation 
consequently  changes.  Differences  in  spatial,  chromatic,  temporal  and 
binocular  resolving  power  have  been  reported.  Perhaps  the  least  well 
investigated  changes  are  those  which  occur  in  the  spatial  achromatic  and 
spatial  chromatic  systems. 


B . METHOD 

A variety  of  special  purpose  devices  was  necessary  in  order  that  a 
spatial  sinusoidal  luminance  pattern  could  be  generated  on  a CRT  "face" 
and  that  appropriate  1B0°  phase  shifts  could  be  introduced  periodically 
and  at  will. 
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A simplified  CRT  display  system  was  designed,  built  and  calibrated. 

A high  frecjuency  (60  KHz)  triangular  wave  was  applied  to  ttie  vertical  input 
of  a conventional  oscilloscope  to  provide  a "raster-like"  display.  Modu- 
lation of  the  oscilloscope  z-axis  with  a sinusoid  results  in  an  illuminance 
distribution  whose  intensity  varies  sinusoidally  across  the  extent  of  the 
tube  face.  The  contrast  of  the  display  may  be  varied  by  changing  the  z-axis 
input  voltage  and  analogously  the  spatial  frequency  (number  of  sinusoids 
per  degree  of  visual  angle)  may  bo  varied  by  changing  the  modulation 
frequency.  In  order  to  alternate  stripes  in  counterphase  (IBO^  phase 
reversal),  a special  circuit  was  devised  so  that,  when  triggered,  phase 
coherent  sine  wave  bursts  coul d be  generated  at  one  of  two  phase  angles: 
either  at  a reference  phase,  which  we  shall  describe  as  phase  G.  or  at 
1B0®  with  respect  to  the  reference.  At  regular  intervals,  but  always  at 
the  start  of  an  oscilloscope  sweep,  a phase  reversal  is  introduced.  A 
reversal  frequency  of  8 or  16  Hz  may  be  selected.  Additional  circuitry 
makes  it  possible  to  maintain  constant  space  averaged  luminance  (luminance 
integrated  over  the  target  area)  while  contrast  is  varied.  (See  Appendix  11-A). 

Contrasts  were  evaluated  by  means  of  a microphotometer.  A square 
wave  was  used  to  modulate  the  z-axis  of  the  display  in  order  to  ascertain 
the  intensities  of  the  maxima  and  minima  of  the  luminance  profile.  It  can 
be  demonstrated  that  that  procedure  gives  values  equivalent  to  those  obtained 
from  direct  measurement  of  sine  wave  peak  and  trough  intensities.  The 
possibility  of  sampling  errors  due  to  the  use  of  a fixed  spatial  sampling 
aperture  is  thus  avoided.  Average  luminance  was  evaluated  with  a tele- 
photometer and  was  maintained  at  a 1 fC  level.  Due  to  the  variability  in 
luminous  output  of  the  available  oscilloscope  and  to  the  ease  of  disturbing 
control  settings,  a "spot"  check  of  important  parameters  was  carried  out 
before  each  experimental  run. 

Sintered  si  1 ver/si 1 ver  chloride  surface  electrodes  wore  applied  to  the 
scalp  of  an  observer  following  the  usual  cleansing  and  decornification 
procedures.  Seventy  percent  methanol  was  used  to  remove  surface  oil  and 
tissue  debris.  Electrodes  were  affixed  over  the  inion  and  2.5  cm  lateral 
to  that  placement.  A reference  electrode  was  attached  to  an  ear  lobe. 
Electrodes  were  held  in  place  by  a commerical  adhesive  tab  routinely  used 
for  that  purpose.  A standard  electrolyte  paste  was  applied  to  the  scalp- 
electrode  interface. 

Differential  amplification  was  used  througfiout.  A gain  of  1x10^  to 
IxlO'’  was  necessary  since  the  relevant  biological  signal  is  approximately 
0.1  to  1 iiV,  whereas  the  signal  processing  unit  requires  peak  voltages  close 
to  ‘5  V to  achieve  full  digital  resolution.  Data  were  tape  recorded  on  TM 
tape  along  with  suitable  synchronization  signals  for  later  processing. 

Recorded  data  were  narrow  band  filtered  at  16  Hz  by  means  of  a band- 
pass filter  centered  to  capture  responses  related  to  the  stimulus  counter- 
phase alternation  freqiiency  of  8 Hz.  It  sfiould  be  noted  that  an  alternation 
frequency  of  16  Hz  actually  corresponds  to  twice  that  rate  since  the  stimulus 
changes  phase  at  1/2  cycle  intervals.  This  frequency  was  chosen  because  it 
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is  well  above  the  band  of  frequencies  characteristic  of  endoqenous  brain 
activity  (especially  alpha  rhythm)  and  the  resultant  filtered  waveform 
was  found  to  be  approximately  sinusoidal  in  form.  Alternation  rates 
substantially  higher  cause  non-si nusoi da  1 data  to  be  recorded,  while 
slower  rates  produce  data  that  are  contaminated  by  the  spontaneous  rhythms 
of  the  brain. 

A filter  of  Ruttet-v/orth  design  with  12  db  per  octave  "skirts"  was 
fabricated  for  this  purpose,  ihe  gain  of  the  filter  was  such  that  the 
1 V dynamic  range  of  the  magnetic  tape  unit  could  be  boosted  to  the 
required  level. 

One  thousand  responses  to  a sine  wave  stimulus  were  averaged  tiy 
conventional  procedures.  A variety  of  stimuli  were  presented  covering 
the  contrast  range  of  interest  as  well  as  two  baseline  conditions.  In  one 
condition  data  were  obtained  with  the  subject's  eyes  closed  and  the 
oscilloscope  occluded.  In  another  condition  the  subject  viewed  a glowing, 
but  patternless,  oscilloscope.  The  former  assesses  the  magnitude  of  spectral 
components  from  brain  rhythms  other  than  those  of  interest.  The  latter 
gives  an  indication  of  any  effects  due  to  diffuse  field  luminance  inter- 
ruptions. 

Data  were  collected  from  an  emmetropic  observer  with  natural  pupils 
under  free  viewing  conditions.  The  only  instructions  to  the  subject  were 
to  "relax"  (this  process  reduces  the  likelihood  of  recording  unwanted  muscle 
potential  artifacts)  and  to  "look  at"  the  display  screen.  No  specific 
instructions  were  given  regarding  eye  fixation. 


C . results,  and  D I iCy^S  I ON 

F'igure  11-1  is  a graphical  representation  of  the  data  collected  for 
two  spatial  freqiiencies.  As  is  frequently  the  case  in  sensory  systems, 
the  measured  attribute  (microvolts  of  visual  evoked  response)  is  propor- 
tional to  the  logarithm  of  stimulus  intensity  (Michelson  contrast).  A 
linear  regression  was  performed  for  each  of  the  two  data  sets.  Coefficients 
of  determination  of  0.89  and  0.99  were  found  for  stimulus  conditions  of 
15  Hz/deq  and  5 llz/deg  (visual  angle)  respectively.  This  relationship 
implies  that  a remarkable  amount  of  the  variance  in  the  measured  attribute 
may  be  accounted  for  by  changes  in  the  independent  variable.  Extrapolation 
of  the  fitted  line  through  the  abscissa  has  been  previously  shown  to  give 
an  estimate  of  the  contrast  value  necessary  to  just  see  a grating(^). 

There  is  a strong  d(>pendency  between  the  derived  i)hysiological  potential 
and  behavioral  estimates  of  contrast  sensitivity,  for  a 15  Hz/deq  stimulus, 
the  estimated  tfireshold  contrast  was  0.1A5  and  similarly  for  a 5 llz/deg 
target,  the  value  was  0.0075.  These  values  clearly  indicate  a lesser 
sensitivity  of  the  spatial  visual  nervous  system  to  higher  spatial 
frequencies.  The  obtained  values  are  well  within  ttie  range  of  known 
behavioral  threshold  values  for  taruets  of  this  luminance  and  size  and 
for  these  preseritation  condi tions(9) . 
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I L sooins  clO(tr  tiuit  the  visii^il  cortex  with  its  highly  specialized 
p.itterri  processing  C(ipa()i  1 i ties  is  highly  activated  hy  the  pattern  stimuli 
used  as  targets.  A useable  signal  of  biological  orioin  can  be  extracted 
to  estimate  spatial  visual  functioning.  The  methodology  employed  needs  a 
better  guantitative  l>as".  The  implementation  of  more  sophisticated  spectral 
analysis  technigues  would,  of  course,  help  clarify  the  measurement  problem. 
It  siiould  be  noted  that  eguipment  limitations  would  not  [jermit  estimation 
of  the  rapidity  and  reliability  with  which  measures  could  be  obtained  nor 
was  it  possible  to  investigate  and  obtain  optimal  elc’Ctrode  placement. 

The  narrow  band  filtering  process  used  is  only  one  of  several  processes 
that  may  be  used  to  extract  signal  from  noise.  As  such,  it  behaves  in  a 
fashion  analogous  to  a comb  filter.  The  freguency  of  interest  is  contained 
in  a narrow  freguency  band  which  passed  through  the  filter.  All  other 
frequencies,  wnether  biological  in  origin  or  otherwise,  may  be  thought  of 
as  "noise".  Fourier  analysis  may  be  thought  of  as  representing  the  ultimate 
case  of  a comb  filter.  Each  frequency  in  the  spectrum  may  be  analyzed  in 
total  isolation  froi..  any  other  freguency.  By  analogy,  a filter  centered 
at  exactly  the  fret|uency  of  interest,  and  exactly  1 Hz  wide  with  infinite 
rejection  of  unwanted  frequencies  is  realizable.  As  would  be  predicted  for 
the  Fourier  analysis  of  a sinusoid  buried  in  hand  limited  noise,  a line 
spectrum  was  seen  at  the  alternation  frequency  and  significantly  lower 
spectral  components  were  seen  elsewhere.  In  general,  the  amplitude  of  the 
spectral  data  line  was  large  for  high  contrast  stimuli  and  smaller  for  low 
contrast  stimuli,  but  in  all  cases  was  orders  of  magnitude  larger  than  EEG 
noise  components  such  as  the  alpha  rhythm.  This  analysis  technique  holds 
great  promise  for  isolating  contrast  specific  components  of  evoked  brain 
activity  and  should  afford  better  noise  reduction  than  techniques  whose 
spectral  resolving  power  is  based  on  broader  bandwidths. 
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APPENDIX  11-A 


COUNTERPHASE  GRATING  STIMULATOR 


A special  purpose  circuit  was  constructed  to  interface  with  a cathode 
ray  tube  display  in  order  that  counterphase  spatial  sinusoidal  gratings 
could  be  displayed  and  a wide  range  of  experimental  parameters  adjusted 
at  will. 


Pri nci pi e_  of  Operation 

A pulse  generator  serves  as  the  master  time  base  for  the  system  and 
is  initially  set  to  provide  a 1 KHz  repetition  rate.  The  pulses  serve 
to  trigger  two  devices,  an  integrator  (ramp  generator!  and  a binary 
ripple  counter.  The  former  serves  to  drive  the  x-axis  of  the  display.  The 
latter  determines  the  number  of  sweep  repetitions  generated  before  a phase 
change  is  initiated.  A binary  thrumbwheel  switch  selects  a submultiple  of 
the  base  frequency  from  the  master  time  base  after  division  by  the  ripple 
counter.  In  this  fashion,  n,  n/2,  n/4,  n/8,  n/16,  ...,  N rates  are  obtainable, 
where  n = the  base  rate  and  N = n/2^  = division  by  powers  of  two.  The 
extreme  range  of  possible  rate  division  coupled  with  a precise  but  variable 
time  base  offer  unusual  flexibility  in  control  of  grating  alternation 
freq uencies. 

The  output  of  the  ripple  counter  is  a logic  level  that  must  be  scaled 
to  achieve  +1  volts  when  asserted  and  -1  volts  when  false.  An  operational 
amplifier  ( labeled  scaler' in  Figure  11-A-l)  performs  that  function. 

The  critical  element  in  this  system  is  an  analog  multiplier  (labeled 
'mul tipi ier"  in  Figure  11-A-l).  In  this  application,  a phase  coherent 
sinusoid  derived  by  triggering  a Wavetek  model  116  oscillator  from  the 
master  time  base  is  multiplied  by  either  +1  or  -1  by  the  multiplier.  A 
sinusoid  when  cross  multiplied  by  +1  volts  will  result  in  an  unchanged 
multiplicand,  whereas  a -1  volt  multiplier  will  result  in  a 180°  phase 
shift  of  the  multiplicand. 

Many  display  oscilloscopes  change  the  dc  level  at  which  the  z-axis 
input  operates  as  increasing  frequencies  are  applied.  Since  the  modulating 
signal  arising  from  the  multiplier  circuit  must  be  applied  to  the  z-axis, 
a brightness  adjustment  circuit  has  been  provided.  Any  change  in  luminance 
that  is  frequency  dependent  may  be  nulled  by  suitable  manipulation  of  the 
brightness  control  circuit. 

The  ramp  generating  circuitry  is  somewhat  unique  and  deserves  further 
coiment.  The  circuit  is  an  operational  amplifier  based  integrator.  In 
the  absence  of  an  input,  FET  transistor  (3N141)  behaves  as  a closed  switch 
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and  the  integrator  capacitors  are  shorted;  therefore,  no  integration  will 
occur.  Upon  gating  by  the  inverting  amplifier  (see  Figure  11-A-l),  the 
feedback  capacitor  is  free  to  charge  and  integration  begins  at  a rate 
determined  by  and  C,  such  that  the  integrators  bandpass  frequency  = 

1/2  tRC.  By  changing  the  capacitor  of  integration  (switch  selectable)  a 
different  bandpass  may  be  obtained.  When  the  gate  signal  is  removed,  the 
transistor  switch  closes,  the  capacitor  is  discharged  and  the  integrator 
is  reset.  This  process  occurs  once  per  "tick"  of  the  master  time  base. 


Sequence  of  Events 

The  master  time  base/ripple  counter  combination  determines  the  number 
of  oscilloscope  sweeps  during  which  the  spatial  sine  wave  pattern  is  presented 
at  a reference  phase  of  0'’.  For  most  applications,  a 1 KHz  time  base  rate 
is  selected  and  a counter  rate  of  64  counts  is  thumbwheel  switch  selected. 
After  64  counts  of  1 msec,  the  phase  of  the  grating  is  reversed  to  phase 
180^  with  respect  to  reference  phase  by  means  of  the  multiplier  circuit 
previously  described.  Since  1/64  msec  = 15.625  Hz,  the  selected  rate  will 
produce  a reversal  rate  of  approximately  16  Hz.  Obviously,  a thumbwheel 
selected  division  of  128  and  a 1 KHz  time  base  rate  will  double  the  time 
alloted  and  result  in  a 1/128  msec  = 7.8125  Hz  rate. 

The  y-axis  of  the  display  must  be  supplied  with  a high  frequency 
triangular  waveform  in  order  that  the  display's  "face"  appears  to  be 
flooded  and  to  glow  uniformly. 

The  timing  circuitry  provided  may  be  bypassed  by  means  of  the  calibrate 
switch  and  the  display  will  not  change  phase.  The  fixed  sine  wave  pattern 
may  then  be  calibrated  by  standard  photometric  means. 
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CHAPTER  12 


PHYSIOLOGICAL  OPTICS 
J.  Terry  Yates  and  Fred  M.  Loxsom* 


A.  INTRODUCTION 

Any  complete  understanding  of  the  spatial  visual  process  must  include 
estimates  of  the  influence  of  the  dioptric  apparatus  on  image  processing. 
Perhaps  the  best  estimates  of  the  eye's  dioptrics  are  obtained  from  appli- 
cation of  methodologies  derived  from  Fourier  optics.  Modern  procedures 
began  with  Lambert,  Higgins  and  Wolfe,  who  used  a thin  luminous  line  as  an 
object  and  photoelectri cal ly  evaluated  its  imaged).  That  image  was 
degraded  in  sharpness  into  a smooth  luminance  distribution  termed  the 
linespread  function.  The  magnitudes  of  the  Fourier  transformation  of  the 
linespread  function  provide  information  about  the  processing  of  contrast 
information  by  the  system.  The  result  is  an  optical  modulation  transfer 
function  (MTF).  The  linespread  and  the  MTF  are  Fourier  transforms  of  each 
other(2-4).  jhe  linespread  methodology  has  been  applied  to  the  human  eye(5), 
cat  eye(6)  and  monkey  eye(7).  in  most  cases,  the  reflected  fundal  image 
was  broader  than  would  be  predicted  if  the  only  influence  on  image  quality 
were  diffraction  effects  from  the  bending  of  rays  as  they  traversed  the 
eyeball's  pupil.  The  source  of  further  degradation  was  thought  to  be  due 
to  chromatic  and  spherical  aberration. 

It  has  been  known  for  some  time  that  the  eye  is  substantially  aberrant 
with  respect  to  visible  wavelengths,  being  myopic  for  "blue"  light,  hyperopic 
for  "red"  light  and  in  focus  for  midspectral  hues.  It  is  remarkable  that 
the  accommodative  apparatus  attempts  to  cope  dynamically  with  the  three 
diopter  change  of  focus  required  to  keep  images  at  the  spectral  extremes 
in  focus.  That  such  chromatic  differences  are  apparent  can  be  seen  by 
the  fact  that  subjective  (psychophysical)  and  objective  (electro-optical) 
evaluations  of  human  chromatic  aberration  are  in  good  agreement,  a fact 
that  has  only  recently  been  appreciated(8) . 

Since  so  much  emphasis  has  been  placed  on  retinal  thresholds  for 
laser  damage  for  data  obtained  from  the  cycloplegic,  mydriatic  eye  of  the 
rhesus  monkey,  it  is  desirable,  if  not  necessary,  to  obtain  estimates  of 
the  change  in  focus  in  that  eye  as  the  wavelength  is  varied.  The  rhesus 
eye  is  remarkably  similar  to  the  eye  of  human  when  suitable  estimates  of 
ocular  size  (and  the  resulting  dioptric  differences)  are  considered( 7) . 

In  general,  the  same  sorts  of  focus  errors  seen  in  the  human  eye  would  be 
expected;  only  quantitative  differences  would  occur. 
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Most  efforts  to  measure  chromatic  focusing  errors  in  the  human  have 
employed  subjective  methods,  usually  those  in  which  some  estimate  of  the 
quality  of  focus  of  a chromatic  target  is  made  by  an  observer(9).  Although 
such  procedures  are  plausible  with  primates,  the  elaborate  training  and 
laborious  testing  involved  would  have  been  prohibitive.  Instead,  the 
objective  method  of  photoelectric  scanning  of  a fundal  image  was  selected. 

A design  change  was  required  so  that  the  apparatus  previously  used  by  Yates'^) 
and  others(5)  to  investigate  imaging  of  white  light  in  the  primate  eye 
could  be  used  for  this  purpose.  In  the  traditional  apparatus,  a bright, 
narrow,  luminous  slit  is  brought  to  focus  on  the  retina,  and  an  image 
reflected  from  the  fundus  is  captured  by  a photomultiplier  after  it  is 
swept  by  a sampling  slit.  When  lights  other  thana  "white"  source  are  to 
be  used,  the  apparatus  must  be  modified. 


B . APPARATUS 

The  required  apparatus  includes  a continuously  variable  dioptric 
correcting  device  that  is  conmon  to  both  the  entrance  and  exit  paths  of  the 
optic  fundus  (see  Appendix  12-A).  Lenses  LI  and  L2  in  Figure  12-1  comprise 
the  basic  correcting  device.  Lens  LI  can  be  moved  by  a precise  micrometer 
screw  with  respect  to  lens  L2  in  order  to  provide  a range  of  dioptric 
powers  between  +1  and  -1  diopters.  A 1 mm  movement  of  lens  LI  corresponds 
to  0.05  diopters.  Therefore,  the  system  resolution  is  considerably  better 
than  that  used  by  most  refractionists.  A standard  trial  lens  set,  for 
example,  has  as  its  smallest  increment  a 0.125  diopter  lens.  Lens  L3 
serves  as  a "range-change"  device  to  bring  the  system  under  examination 
within  range  of  the  more  refined  corrector  composed  of  lenses  LI  and  L2. 

The  extent  to  which  the  measurement  system  itself  is  chromatically  aberrant 
was  unknown  and  was  therefore  calibrated.  A high  quality,  first-surface 
mirror  was  substituted  for  the  ocular  fundus  and  wavelengths  between  400  and 
700  nm  were  tested.  The  source  was  a 150  W xenon  arc  with  narrow  band 
(''■10  nm  half-bandwidth)  interference  filters  interposed.  Good  agreement 
was  found  between  the  calculated  curves  and  those  predicted  from  geometric 
optics  (simple  thin-lens  formulae). 


C • EXPERIMENTAL  P^O^E^U R^S 

Several  days  before  experimentation,  animal  subjects  were  keratometered 
so  that  good  contact  lens  fits  could  be  obtained.  The  apparatus  was 
constrained  to  examine  only  left  eyes  due  to  the  interposition  of  a fundus 
camera-pellicle  system  (see  below).  Animals  were  selected  for  evaluation 
if  they  were  free  from  corneal  defects  and  if  a contact  lens  was  available 
that  fit  within  +0.02  nin  (radius  of  base  curve).  Severe  image  distortion 
has  been  found  to  result  from  lenses  that  deviate  from  these  tolerances. 

On  the  day  of  an  experiment,  the  appropriate  animal  was  pre-anestheti cal ly 
tranquilized  with  ketamine  hydrochloride.  An  indwelling  catheter  was  inserted 
in  the  saphenous  vein  of  the  right  hindlimb  and  an  anesthetic  dose  of  sodium 
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ppntobarbi tal  was  administered.  Anesthesia  was  maintained  at  a deep 
surgical  level  by  continuous  infusion  of  6 mq/kg/hr  of  supplemental 
pentobarbital.  Pre-anesthetic  atropine  sulfate  provided  some  mydriasis 
and  cycloplegia.  To  insure  that  complete  intrinsic  muscle  paralysis  was 
obtained,  cyclopentophthlate  (2%)  was  double  instilled  into  the  conjunctival 
sac.  In  addition,  10%  phenylephrine  hydrochloride  was  administered  to 
produce  maximal  mydriasis.  Additional  instillation  of  the  latter  two 
agents  was  carried  out  as  needed. 

After  insertion  of  a blepharostat,  the  appropriate  contact  lens  was 
put  in  place  over  the  freshly  irrigated  cornea.  The  irrigant  was  normal 
saline.  The  previously  mentioned  corneal  surface  measurements  yielded 
good  contact  lens  fits,  and  clear,  undistorted  "eye  grounds"  were  always 
present  even  after  12  hours  of  experimentation.  Conventional  streak 
retinoscopy  was  carried  out  for  the  vertical  axis  (the  axis  of  ^'he  target 
slit).  Estimates  were  attempted  for  an  accurancy  of  *0.125  diopters. 

A cross  check  of  the  refraction  by  optometrists  revealed  no  discrepancies 
of  more  than  0.25  diopters  between  refractionists . Any  severe  errors  would, 
of  course,  have  been  revealed  in  the  process  of  experimentation.  The 
apparatus  used  may  be  regarded  as  a high-resolution,  static  retinoscope. 

The  anesthetized  animal  had  a rectal  thermistor  probe  used  in  combi- 
nation with  a water  jacket  to  maintain  core  temperature  at  38.5°C.  The 
animal  was  positioned  in  a standard  monkey  mount,  the  target  beam  was 
crudely  aligned  with  respect  to  the  cornea  and  the  fundus  camera  was 
interposed.  After  suitable  manipulation,  the  fundus  was  visualized  and 
the  target  beam  was  positioned  over  the  center  of  the  macula  lut^a, 
usually  over  the  fovea  central  is . On  several  occasions,  the  accuracy  of 
the  placements  were  verified  by  experienced  observers. 

The  procedures  previously  described  by  Yates(7)  were  used  to  align 
the  photomultiplier.  A suitable  current-to-vol tage  device  was  built  to 
read  the  anode  current  of  the  photoelectric  scanner.  A 100  um  slit  was 
positioned  in  front  of  the  detector  to  sample  the  reflected  chromatic 
source  image,  which  was  that  of  a 50  um  slit.  Both  slits  were  obtained 
from  a high  quality  monochromator.  Ten  wavelengths  at  '^-33  nm  intervals 
in  the  range  from  400  to  700  nm  were  available  for  test  purposes.  Since 
the  primate  fundus  is  a diffuse  reflector  of  low  efficiency,  and  since 
the  electronic  system  available  was  noisy,  some  wavelengths  required 
signal  averaging.  The  spectra!  extremes  proved  most  troublesome  in  this 
regard.  Data  were  FM  tape  recorded  at  a suitable  bandwidth  (usually  ten 
times  the  highest  frequency  of  interest)  for  later  analysis.  The  absence 
of  an  on-line  data  reduction  device  necessitated  excessive  bracketing  of 
experimental  values. 
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D.  RESULTS 


Taped  data  were  digitized,  signal-averaged,  normalized,  plotted,  and 
occasionally  smoothed  (three  point  quadratic  fit)  using  methods  described 
previously  by  Yates  and  Harding'7).  Widths  of  linespread  functions  at  half 
amplitude  were  obtained  and  comprise  the  major  portion  of  the  data  discussed 
below.  It  was  found  after  some  of  the  data  had  been  analyzed  that  the  area 
under  the  spread  function  obtained  by  simple  numerical  integration  was  a 
more  simple  but  equivalent  artifice.  The  location  of  the  narrowest  (i.e., 
best  focused)  spread  function  for  any  particular  wavelength  was  simplified 
when  it  was  discovered  that  curves  of  regular  shape  were  obtained  when 
the  full  width  at  half  amplitude  or  the  integrated  area  of  the  spread 
function  was  plotted  ys.  correcting  power  (see  Figure  12-2). 

Figure  12-3  is  a plot  of  composite  data  for  three  animals.  Several 
aspects  of  these  data  should  be  noted.  First,  there  is  remarkable  similarity 
between  the  rhesus  monkey  data  and  data  obtained  under  similar  conditions 
for  the  human  (see  Figure  12-4),  demonstrating  that  the  monkey  is  indeed 
chromatically  aberrant  in  the  same  fashion  as  human.  For  all  wavelengths 
tested,  however,  the  monkey  showed  more  severe  focusing  errors  than  did 
human.  They  were,  as  predicted,  more  blue  myopic  and  more  red  hyperopic 
than  their  homanid  counterparts.  It  may  be  inferred  that  the  shorter  focal 
length  optical  system  of  rhesus  monkey  results  in  this  general  chromatic 
aberration  trend.  Construction  of  an  improved  schematic  eye  for  the  rhesus 
should  clari fy  the  role  of  the  various  dioptric  components  of  the  system. 

The  observation  has  been  made  for  other  lens  systems  that  much  of  the 
chromatic  blurring  is  due  to  edge  rays  rather  than  central  rays.  Attempts 
to  use  artificial  pupils  to  elucidate  the  magnitudes  of  such  effects  were 
not  productive  owing  to  the  detector  sensitivity  problem  already  mentioned. 

It  should  be  noted  that  during  the  period  when  these  data  were  being 
collected,  an  evaluap'on  of  the  chromatic  aberration  in  a single  human 
fundus  was  eval uated(S) . Subjective  measures  and  the  objective  measure  used 
here  compare  quite  favorably.  The  utility  of  the  procedure  has  thus  been 
greatly  reinforced. 

It  is  concluded  that  the  technique  discussed  above  represents  a sensi- 
tive and  moderately  simple  method  for  in  vivo  evaluation  of  chromatic  images. 
Further,  the  similarity  between  macaque  and  human  eye  has  been  better  elabor- 
ated for  a new  dimension.  It  has  also  been  demonstrated  that  any  attempt  to 
produce  chromatic  fundal  images  for  any  of  a variety  of  purposes  must  take 
into  consideration  the  substantial,  longitudinal  chromatic  focusing  error 
that  the  rhesus  monkey  eye  possesses. 

Finally,  these  data  only  hold  for  situations  in  which  relaxed  accomo- 
dation is  known  to  exist.  In  the  human,  near  point  accomodation  produces 
a different  profile  of  chromatic  aberration  than  that  seen  for  the  cyclo- 
pleqic  eye. 


FULL  WIDTH  AT  HALF  AMPLITUDE  (X) 
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DIOPTERS 

FIGURE  12-2.  Comparison  of  Two  Methods  of  Determining  Best  Focus  for  a line 
Target  Imaged  on  the  Rliesus  Monkey  Fundus,  equivalent  results  were 
obtained  when  either  the  width  of  the  normali/ed  line  spread  function 
or  tiie  area  under  the  normalized  spread  function  was  evaluated.  The 
sha()C  and  character  of  the  obtained  curve  is  predictable  from  geometric 
optics  considerations. 
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FIGURE  l?-3.  Normal  izpd  Chromatic  Ahorration  For  the  F.yo  of  Rhe5;us  Monkey. 
Error  bars  are  one  standard  error  and  are  inflated  due  to  the  small 
number  of  observations  available  to  date.  The  absence  of  error  in- 
formation for  bOO  nin  and  beyond  reflects  single  observations  for  those 
wavelengths . 
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FIGURE  12-4.  Comparison  of  Primate  vs.  Human  Chromatic  Aberration  as 
Measured  by  Similar  Electro-Optical  Scannino  Technipues.  Human 
data  were  taken  from  Charman  and  Jenninqs(H).  Rtipsus  monkey 
axial  chromatic  aberration  is  cienerally  more  severe  than  tliat 
observed  in  human.  The  strikinq  similarity  between  the  two 
dioptric  systems  is  evident. 
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APPENDIX  12-A 


Fiyure  12-A-l  schemdtical ly  represents  the  continuous  dioptric  corrector. 

Lens  LI  has  an  object  distance  of; 

S]  = 0.81  - X meters. 

The  resultant  image  distance  is: 

. , F,S. 

Sj  = , where  fi  = focal  length  of  LI. 

' 1 

The  object  distance  for  L2  follows  thus: 

S2  = 0.06  + X - S] ' . 

The  image  distance  becomes: 

F2S9 

S2'  = ’ where  f2  = focal  length  of  L2. 

^2 '2 

The  distance  of  the  resultant  image  from  the  eye  is  then: 

S„  = 0.13  - S2', 
e 

and  the  corrective  power  of  the  two-lens  system  is  given  by: 

P = -1/S  . 
c e 

To  account  for  the  chromatic  aberration  of  the  lenses  used,  a correction 
factor  (2)  was  employed  for  each  wavelength  such  that: 

P'  = P(l+z), 

where  z was  experimentally  fitted  for  each  wavelength. 
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= -8D.  L2  was  fixed  in  place  and  LI  could  be  continuous 
positioned  by  a micrometer  screw. 


